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The thesis discusses in details the studies of laser ablated aluminum plasma in the 
presence of various ambient gases (He, Ar, O 2 , N 2 & Air) at various pressures (1 mTorr- 
100 Torr), using moderate laser intensities (10’°-10"Wcm‘^). An attempt is made both 
theoretically and experimentally to understand the process of evolution of a laser ablated 
plume in an ambient atmosphere and subsequent deposition of a thin film on to a substrate 
placed at pre-determined distance from the target. Intensified Charge Couple Device 
(ICCD) camera system is used as a tool to diagnose the expanding plasma. The images of 
the expanding plume front recorded at various delay times with respect to the ablating pulse 
are used to evaluate the velocity of the expanding front and to calculate the size of the 
particles in the plasma. The evolution of shock due to the expansion of high pressure 
plasma in an ambient atmosphere is discussed. It is inferred that at a critical distance from 
the target (plume length) in the shocked region the temperature is high and due to diffusion 
of both the ambient gas particles and the plasma species into this region, it is possible to 
have a vigorous chemical reaction at the interface. In order to confirm the possibility of 
chemical reaction, films of aluminum in oxygen were deposited at plume length. The 
aluminum nitride films were deposited at room temperature on a substrate placed at the 
breakdown front of nitrogen gas. The deposited aluminum oxide and aluminum nitride 
films are characterized using Scanning Electron Microscopy (SEM), Rutherford Back 
Scattering (RBS), Micro-Raman spectroscopy, and X-Ray Diffraction (XRD). A correlation 
on the characteristics of the deposited films with that of the parameters of the plume is 
presented. 
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To produce an aluminum plasma plume a Nd:YAG (Spectra Physics, DCR-4G) 
laser beam operating at fundamental wavelength (k = 1 .06 p m), was focussed on to a pure 
aluminum target mounted in a vacuum chamber which could be evacuated to pressures 
better than 0.1 m Ton*. The chamber has provision for introducing gas in a controlled 
manner. The experiments were carried out at various laser energies and in various ambient 
environments (He, Ar, Na, O 2 and Air) at various pressures (1 mTorr-100 Torr). The target 
was continuously rotated and translated so that each laser pulse falls on a fresh target 
surface. The spot size on target was about 260 pm. The laser ablated plasma was 
investigated using (a) Fast photography, (b) Optical emission spectroscopy, (c) Faraday cup 
and (d) Time of flight mass spectrometer. Two-dimensional view of the plume expansion 
was made by recording the overall visible emission from the plasma plume with a gated 
ICCD camera system (ICCD 176G/2, Princeton Instrument Inc.). The detector consisted of 
Multi-Channel Plate (MCP) with spectral response in the wavelength .range 200-800 nm 
and 384 x 576 CCD array. In order to have better insight of the plume dynamics, the ICCD 
photographs were recorded at various time delays with respect to ablating laser pulse using 
a pulse generator (PG-200, Princeton Instruments Inc.) and adjustable gate widths (5 ns - 20 
ns) and fixed gain of MCP. The fast gate acts as a shutter for the camera and hence the 
name fast photography. These photographs are essentially photoelectric images of the 
plume. The plume front is taken along the outermost axial position where the intensity falls 
to 25 % of the maximum intensity. 

For spectroscopic investigations of the plume the emitted plasma radiation was 
imaged onto the entrance slit of a monochromator (Jobin Yvon, HRS-2) with a lens of 16 
cm focal length so as to have one to one correspondence with the plasma and its image onto 
the slit of a monochromator. The output from the monochromator was detected with a 
photomultiplier tube (IP28, Hamamatsu) and recorded on a strip chart recorder. The optical 
emission from the laser-ablated plasma in oxygen ambient at 100 mTorr was recorded at 
various distances and at various laser irradiances. The intensity of the emitted lines 
increases in presence of oxygen at 100 mTorr. The stark broadened profile of A1 II (4p *P°- 
4d 'D) transition at 559.3 nm was used to estimate electron density and is found to lie in the 
range 10‘^-10‘® cm‘^. The electron temperature of the plasma calculated at various laser 
energies, using emission line intensity ratio, is found to lie between 5-13 eV. 



A faraday cup with a honeycomb collector was designed and used in time of flight 
mode to measure the distribution of ions and electrons in a laser produced aluminum 
plasma. One of the output ports of the target chamber at an angle of 45° with respect to the 
laser beam was used for the Faraday Cup. It is observed that both the kinetic energy and the 
ionic yield increase with increase in fluence on the target. 

A time of flight mass spectrometer was developed and was used for measuring the 
ionization threshold of laser irradiated aluminum targets, the estimated threshold is 4.5 x 
I0'°Wcm‘l 

We have used the equation of motion and the continuity to transform the expansion 
for time dependent density, pressure and velocity into force equations that give the 
dynamics of the plume's maximum density boundary. The simulated plume front is 
observed to match well with the ICCD images of the plumes. 

The analysis of the recorded images show that the expansion is more in the 
longitudinal direction than in the transverse direction. From the displacement time plots the 
velocity of the expanding front is estimated to be 7.29 x 10*^ cm/sec, 6.84 x 10*^ cm/sec, 6.75 
X 10^ cm/sec and 6.21 x 10^ cm/sec respectively for He, Air, O 2 and Ar ambient at 10 
mTorr. It is observed that displacement of the plume front decreases with increase in 
ambient pressure, the displacement increases with increase in incident laser energy because 
of increase in the energy coupled to the target. 

The recorded ICCD images show that the expansion is conical at earlier times with 
vertex at the focusing point of the laser. The equations of mass, momentum and energy 
conservation at the shock-ambient interface are used to estimate the plasma and shock 
parameters. It is observed that the vapor pressure decreases with the increase in time and 
ambient gas pressure, also the vapor temperature decreases with time and with ambient gas 
pressures. This is attributed to the difference in heat capacities of plasma species and the 
ambient atmosphere. It is observed that the shock temperature (~ 1.922 x 10^ K, in 100 
mTorr of oxygen at 29 ns after the ablating pulse) is greater than the vapor temperature (- 
2.089 X 10^ K, in 100 mTorr at 29 ns after the ablating pulse). The surface temperature of 
the target is estimated using the expansion velocity of the luminous front of the blow off 
material. The surface temperature (~1.18 x 10® K) is found to be much greater than the 
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sublimation temperatures (-8500 K) of the metal and hence no superheating of the surface 
can occur above the normal vaporization temperature. 

The dynamics of the expanding plume is also studied with a classical drag and blast 
wave model. The collisions between the particles of the ambient gas and plume attenuate 
and slow down the plume particles. The propagating plume progressively slows down 
eventually coming to rest due to viscous drag force. The distance from the target at which 
the propagation ceases is called stopping distance or plume length. As the pressure of the 
ambient atmosphere increases the stopping distance decreases and the intensity of the 
plume increases. The increase in intensity is due to confinement of the plasma to a small 
volume. 

According to the blast wave theory the position of the shock front R follows an 
equation of the form R = Kit'', where, Ki is a constant, q an exponent and has a value of 0.4 
for an ideal shock condition and 1 for free expansion. The fit of this equation to our 
experimental data shows that value of the exponent lies in the range, 0.22 ^ q ^ 0.48 for 
laser irradiance of - 10'° - 10*' W/cm^. The discrepancy in the value of exponent may be 
due to the growth of instability at moderate laser intensities and low pressures. 

The collision of the plasma species with that of ambient gas may result in the 
formation of clusters. The size of the particles is estimated using the ICCD images by 
assuming the plasma as an ensemble of small spherical particles radiating like a blackbody 
at high temperature. The size of the particles after 4(X) ns of the ablating pulse, at pressures 
10 mTorr, 100 mTorr, 10 Torr and 100 Torr is calculated to be 1.20, 1.02, 0.12 and 0.11 
pm respectively. 

In order to verify the possibility of a chemical reaction in the shocked region, we 
deposited aluminum films in oxygen atmosphere at various target substrate distances (1.0, 
2.0 and 3.0 cm). The distance of 2.0 cm corresponds to a distance where the plume 
propagation ceases, as inferred from ICCD images. The other two distances (1.0 and 3.0 
cm) are chosen to compare the quality of the film with that of 2.0 cm film. SEM 
photographs show that the films deposited at a distance of 1.0 cm are denser in aluminum 
as compared to the films deposited at 2.0 cm and 3.0 cm from the target. However, the RBS 
spectra showed that the chemical composition of the deposited films at 2.0 cm in the 
stoichiometric ratio of A1:0 to be 2:3, implying that background oxygen has reacted with 



the plasma particles resulting in change of chemical composition of the film. The film 
deposited at 1.0 and 3.0 cm showed compositional (A1:0) change as 1:133 and 1.2:3. 
Micro-Raman spectra of the films confirmed the presence of AI 2 O 3 in the films. The 
analysis of the Raman bands of c-Si (521 cm'*) and AI 2 O 3 (755 cm'*) established that 
optimum target-substrate distance for the oxygen rich films is the plume length or stopping 
distance. It is in accordance with our earlier result that a chemical reaction takes place at 
the plasma-compressed region-gas interface and the plume length is the optimum position 
for the deposition of thin oxide film. 

Breakdown of the ambient gas is observed at high ambient pressure and moderate 
laser intensities. This property of the gas is made use of in depositing aluminum nitride 
films on silicon substrate at room temperature. The ICCD images are used to locate the 
exact position of breakdown front of the N 2 gas and a substrate is placed at this position. 
The laser irradiation used was 1.65 x 10*' W/cm^ with an ambient gas pressure of 100 Torr. 
The XRD peaks observed at 38.5°, 44.7°, 65.2°, 78.4°, 82.5°, and 116.7° match well with 
that available in the literature. The SEM photograph of the films show that the density of 
the films formed on the substrate is very high. The Raman bands corresponding to AI 2 O 3 
observed at 239, 252, 607, 610, 614, 667 and 673 cm'* match well with that available in the 
literature. The Raman and XRD spectra indicate that the films are crystalline in nature. The 
Raman spectrum of the annealed film showed a considerable increase in the intensity of the 
AIN bands. The increase in intensity in the annealed films is attributed to impregnation of 
the flowing nitrogen at high temperatures. 

To conclude, an extensive investigation of laser ablated aluminum plume using fast 
photography (ICCD) is presented. The measurement of various plasma parameters in 
ambient atmosphere and the shocked regime is reported. The proposed technique for 
depositing oxide films may be useful for the growth of high Tc superconducting films and 
ceramic films. The AIN films deposited at room temperature may help in the short 
wavelength applications, hard coatings and in various opto-electronic and micro electronic 


devices. 
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Chapter I 


INTRODUCTION 

Lasers, having proven useful in diverse areas such as high resolution spectroscopy, 
surface alloying, material processing (welding, hole drilling), thin films or microstructures 
deposition, elemental analysis of solid samples, biomedical applications such as laser 
surgery and structural studies of bio-molecules and laser based weapons are amongst the 
preferred choice of researchers, material scientists and engineers. The interaction of intense 
laser light with matter has been a topic of extensive research in the field of plasma and 
atomic physics for more than three decades [1]. The first experimental work was published 
by Honig and Woolston [2]. Ready [3] was the first to report about the temporal and spatial 
profile of the ablated plume of the ejected material using photographic technique. The first 
experimental demonstration of the laser ablation deposition of thin films was reported by 
Smith and Turner [4]. They ablated a variety of materials with a ruby laser and 
demonstrated that thin films can be grown on a suitably placed substrate. Lasers became 
ubiquitous in the eighties, picosecond systems became common and femtosecond systems 
emerged, tunable lasers were already available from ultraviolet to infrared, and with this the 
interest shifted from area of development of lasers to the area of laser based applications. 
During eighties and nineties the study of pulsed laser ablation has grown rapidly for its 
increasing number of applications [5-10]. The development of X-ray lasers has boosted the 
interest in lithography and biological imaging. Other developments include the laser-based 
accelerators [11], laser material processing [12], nanocrystals [13], laser annealing [14], 
surface modification [15], laser etching [16] and laser assisted chemical vapor deposition 
[17]. 

LASER MATTER INTERACTION 

The process of laser matter interaction has been a subject of many theoretical [ 1 8- 
20] and experimental [10, 21-24] studies for many years now. Laser solid interaction 
depends strongly on laser and interaction parameters (laser wavelength, laser irradiance. 
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pulse width, irradiated spot size, angle of incidence etc.), material characteristics 
(composition, optical and thermal properties etc.) and environmental conditions (pressure, 
acceleration etc.) [8,19,25,26]. Depending on laser power and pulse duration the laser 
created plumes consist of atoms, ions in the highly excited states and clusters [27]. The 
characteristic features of the laser-ablated plumes such as temperature, density, velocity, 
pressure and forward directed nature mainly depend on laser irradiance [19] and 
surrounding ambient conditions. At low irradiance (II < 10® W/cm^), only a rise in 
temperature by conduction below the surface with no change of phase is observed. 
However, at moderate (10® ^ It ^ 10*^ W/cm^) and high irradiance (II > 10*^ W/cm^), multi- 
photon ionization at the surface eventually leads to plasma formation. The absorption of the 
optical energy is via inverse bremsstrahlung process. The thermal effects resulting in the 
ablation of the material depends upon laser characteristics such as the laser fluence, laser 
focussed spot size, laser wavelength etc. [28]. Depending on the irradiance less than or 
greater than 10* W/cm^, Laqua [29] showed that for irradiance lower than 10* W/cm^ the 
emitted polyatomic species move with a velocity of 10“^ cm/sec. However, at higher 
irradiance, the temperature of the plasma is much higher than the boiling temperature of the 
material and the evaporated material i.e., atomic and ionic species move with velocities 
greater than 10® cm/sec. 

To control the underlying processes in plasmas for various applications, it is 
necessary to understand the physics of laser ablation. It requires an understanding of the 
initial stages of the various processes involved during the laser-target interaction, 
evaporation, plasma formation and its subsequent expansion in the ambient atmosphere. 
The interaction of the laser beam with the target and with the gas cloud of the ablated 
material is the initiation process followed by absorption or partial reflection of radiation by 
the target surface. The threshold power density varies with the operating wavelength, 
because the absorptance of the target surface depends on the wavelength of the incident 
radiation. In the laser power density regime where a plasma plume can be produced from 
the target surface, the leading edge of the laser pulse is absorbed by the surface layer, heats 
it rapidly to vaporize the solid target. Since the target is a solid, a part of the absorbed laser 
power is expended into latent heat of fusion in addition to latent heat of vaporization [30]. 
The early vapor phase species interact with the incident laser pulse and get internally 
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excited .subsequently getting ionized. Collisions among the particles lead to a rise in the 
temperature and pressure of the gas. However, thermal ionization leads to the production of 
charged species at all stages of laser heating. The process of evaporation and heating 
continues until the electron density of the partially ionized gas (plasma) becomes high 
enough for the heating of the gas by inverse bremsstrahlung process to begin. The inverse 
bremsstrahlung process heats primarily the electrons in the presence of the ions, resulting in 
free-to-free state transitions. It results in increasing the plasma temperature and 
consequently the electron density. At moderate to high laser power, the electron density of 
the plasma can attain a value sufficiently high so that the core of the plasma becomes 
opaque. This occurs when the frequency of the plasma oscillation, as given by (neeVum)'^^, 
become equal to the laser frequency. The laser beam is no longer able to penetrate the 
plasma and reach the target. Here ne is the electron number density, e the electronic charge, 
and m the electron mass. The density corresponding to critical surface is called critical 

density, nc - 10^' (cm'^)/X.L (pm). Laser heating of the plasma continues indirectly by 
thermal conduction from the plasma and the critical region advances towards the laser, 
resulting in the expansion of the plasma plume towards the laser [31]. The heating rate of 
plasma increases sharply at high electron densities by both the linear process of inverse 
bremsstrahlung and non-linear processes that come into play. Multiple ionized, high kinetic 
energy species are produced [32]. The energetic particles escape from the plasma 
essentially at asymptotic velocities. The typical expansion velocities of ~ 10^ cm/sec are 
estimated and are independent of the ambient gas species. The high temperature and density 
of the laser-produced plasma without any external confinement are a direct result of the 
extremely high rate of heating by the high peak power lasers. The interaction of the 
expanding plasma of metal with an ambient background gas has been a subject of interest 
for numerous theoretical and experimental works [33-35]. Neogi and Thareja [36] have 
numerically modeled laser matter interaction in presence of an ambient gas by modifying 
one-dimensional MEDUSA code. The studies are aimed at modeling various processes m 
space physics, plasma chemistry and hydrodynamics of plasma. The nature of the 
interaction between laser plasma and ambient gas depends upon parameters such as 
velocity of different ionic species, densities in the interaction region, ambient gas pressure, 
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etc.. Though the research in this field has been going on for several years, many effects of 
the laser beam interacting with a metallic surface in an ambient atmosphere are still to be 
satisfactorily explained. The same is true of interaction with polymers [37]. It has been 
shown [38,39] that when a laser radiation falls on the organic surface, two distinct 
processes result. There can either be etching due to photochemical processes at the site of 
irradiation, to a depth which can be controlled by the number of pulses and fluence of the 
laser beam or the material may both melt and etch due to thermal process [40]. It has been 
suggested that ablation via photodecomposition of organic substances occurs as a result of 
bond scission by multiphoton processes induced by laser photons [41]. Various diagnostic 
techniques [42,43] are used to get time resolved information about the fragments of 
polymer leaving the surface with supersonic speeds. The product analysis gives a broad 
distribution of fragments ranging from diatomic to high molecular weight products [44]. 
The ablation of polymeric materials using lasers find its use in microfabrication [45] and 
photolithography [46]. 

The laser-produced plasma from different targets has been extensively studied 
[33,34,47-49]. Emission spectra have been used to study laser ablation plasma of Mg, Mn 
and Ti etc. [50]. The ablation yields and threshold of Al, Sn and Ti as a function of incident 
laser energy and target translation rate using gravimetric analysis has been reported [51]. 
The angular variation of the kinetic energies of various ionic species of laser-ablated carbon 
has been investigated [52]. Angle resolved velocity distribution of neutral copper atoms 
created by UV laser ablation of polycrystalline copper foils has been reported as a function 
of laser fluence [53]. Intensities of both emission [54,55] and absorption lines [56,57] have 
been extensively used to qualitatively monitor the spatial variation of ions and neutrals 
within the laser-ablated plume. The line shapes of the emission lines are very sensitive to 
local plasma conditions such as temperature, pressure and electron density and hence are 
used to study the plasma parameters [34,58]. Stark broadened profiles of selected 
transitions to estimate electron density have been extensively used [34,56,59,60]. The 
influence of magnetic field on the laser-generated plumes is also being studied [61-65]. The 
significant changes in the laser-ablated plume have been investigated in varying magnetic 
field strengths [64,65]. Some of the recent applications of laser-ablated plasmas at moderate 
laser irradiances, includes source of X-rays [66], VUV continuum [67], highly charged ions 
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[68-70]v generation of laser oscillations [71,72], understanding of hydrodynamics of plasma 
[73,74], modeling of various processes in space physics [75], and the studies of laser- 
plasma interactions in the presence of magnetic fields [76-84] to simulate astrophysical 
plasma. 

DYNAMICS OF LASER-ABLATED PLASMAS 

The plasma is an interesting object for study for two reasons. Firstly, the laser- 
induced plasma is becoming an important tool for industrial processes for thin film 
deposition and secondly for the study in three-dimensional dynamics of a compressive 
fluid. The propagation of the laser-ablated plume in an ambient atmosphere is a complex 
hydrodynamic problem. In the case of expansion in vacuum, the plume particles collide 
with themselves resulting in the observed angular distribution [85]. The direction of the 
laser-ablated plume and its angular spread depends on laser parameters, target parameters 
and ambient atmosphere [86]. In the case of expansion in an ambient atmosphere, collisions 
between the particles of the ambient gas and plume also take place, which attenuate and 
slow down the plume particles. Several theoretical investigations have been carried out in 
the past to understand the formation and evolution of the plasma [18,19]. In the presence of 
an ambient atmosphere, the hot vapor plasma interacts with the surrounding atmosphere in 
two ways. Firstly, the expansion of the high-pressure vapor drives a shock wave into the 
atmosphere, and secondly energy is transferred to the ambient atmosphere by thermal 
conduction, radiative transfer and heating by the shock wave [28]. The interaction between 
laser plasma and the ambient gas is also of interest as it provides information on collisional, 
collective and electromagnetic processes in astrophysical and laboratory plasmas. The 
nature of interaction is governed by the densities, relative velocity, temperature, ion 
composition etc. of the plasma and background gas. The importance of these processes in 
determining the subsequent plasma evolution also depends on irradiance, target vapor 
composition, ambient gas composition, pressure and laser wavelength. 

The interaction of laser-ablated plasmas with the ambient atmosphere leads to 

(a) Laser supported combustion waves, 

(b) Laser supported detonation waves, and 

(c) Laser supported radiation wave. 
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At low irradiance (< 10® W/cm^) [28], laser-supported combustion waves are 
produced. Here the conduction dominates, the vapor/shocked gas forms a thin layer which 
transports energy efficiently by radiation. Only a weak shock wave results in such cases. At 
moderate irradiance (10®< Il< 10'^ W/cm") [87], laser supported detonation waves evolve. 
In this case the shocked gas is just hot enough and begins absorbing the laser irradiation 
without requiring additional energy to be transferred from plasma. The laser absorption 
zone follows behind the shock wave and moves at the same velocity. At still higher 
irradiance (> 10*^ W/cm^), the laser supported radiation waves results. In such cases before 
the formation of the region of shocked gas, the ambient gas is heated to temperatures where 
laser absorption begins and hence shock wave is formed. The exact nature of the plasma 
processes requires detailed qualitative data on the composition and dynamics of the plume 
evolution. Several theoretical models are available in the literature to describe the material 
removal from the solid surface by high/moderate power laser irradiation [87-90]. Ho et al 
[87] have numerically simulated the interaction of pulsed laser irradiation of nanosecond 
duration with a metal surface. The vapor phase consisting of neutrals, ions and electrons is 
modeled as a one-component (local thermal equilibrium) ideal gas. Using Monte-Carlo 
simulation Kools [91] studied the effect of elastic collisions between the target atom and 
low pressure gas on the kinetic energy and spatial distribution of the particles arriving at the 
substrate. There are reports on the study of the interaction of a hot expanding laser plasma 
with a low-density background gas [61,92,93]. Although the laser ablation in presence of a 
background gas is of significant interest due to its application to laser ablation deposition 
(LAD), the exact processes in ambient are rarely defined. Several authors [33-35,94,95] 
have experimentally investigated the motion of plume in different ambient gases at 
different pressures. The holographic interferometry has been used to investigate the 
expansion of the laser-ablated aluminum plumes [96]. The expansion was studied in 
vacuum and in argon gas at various pressures. A compressible gas dynamics model has 
been used for describing the development of shock discontinuity in the plume expanding in 
a background gas [97]. Using this model, the development of shock discontinuities in the 
plume of laser-ablated plume of metal vapor expanding in a gas has been reported [97]. 
Several other researchers [98-104] have used drag and shock models to explain the plume 
expansion. To define the region of occurrence of shock, Dyer et al. [105] studied 
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experimentally the effect of background gas pressure on the formation of shock and 
concluded that at high pressures the shock model described their experimental observations 
better. Geohegan [106] and Wanniarachchi et al [107] have shown that the drag model fits 
better for the expansion of plume k low background pressures. Study of pulsed laser- 
ablated plume in low ambient pressure of the order of a few mTorr is very important as 
they are generally used in LAD [108]. Since the high velocity of the shock can deteriorate 
the quality of the films on the substrate, it is important to have knowledge of the pressure 
and distance at which the shock formation takes place. Anan'in [92] have used fast imaging 
technique to investigate the dynamics of the laser-ablated species in an ambient gas. Dyer 
et al [105] have used the streak camera to image the laser-ablated polymide and PET films 
to study the expansion of the LAP both in vacuum and in air. The results show that at a 
pressures of P < 0.5 mbar the expansion approaches a free expansion as in vacuum, and the 
time dependent exponent is close to that predicted by an ideal blast model. One- 
dimensional imaging of laser induced fluorescence spectroscopy (Id-LIF) has been applied 
to investigate the dynamics of the non-emissive particles (YO molecules) during the ArF 
excimer laser ablation of YBaaCusOT^s in an ambient oxygen gas [107]. Buranov et al [84] 
have used the snowplow model [109] to explain the dynamics of plasma expansion. They 
also reported that the plasma front often tends to become unstable due to Rayleigh-Taylor 
instability [110]. Zerkle and Sappey [111] have reported the estimates of the ground state 
copper atom number density in a laser-ablated copper plasma plumes using Planar Laser- 
Induced Fluorescence (PLBF). The shock wave formed due to the interaction of ablated 
fragments with background oxygen gas has also been reported by Gupta et al [1 12], and its 
temporal evolution as a function of oxygen pressure has been shown to agree better with a 
planar than spherical model. The dynamics of the species ejected by excimer laser ablation 
of a BiSrCaCuO target in different gas environments has been studied by spatially resolved, 
optical emission spectroscopy [101]. It is shown that the expansion is dominated by the 
interaction of the ejected particles and the background gas atoms or molecules through 
collisional interactions rather than by the reactions in the gas phase. The time and space- 
resolved emission spectroscopy has been applied to investigate plasma dynamics during the 
laser evaporation of a graphite target [113]. Two stages of expansion are found in the 
generated plume, the first starts just after the laser irradiation and the second beginning 




1 Introduction 


3 


some time later depending on the nature and the pressure of the ambient gas. The two 
stages are discussed using a viscous drag model for the first one and a delayed ideal blast 
wave model for the second. The dynamics of the gas phase induced by excimer laser 
ablation of Ge has been investigated by Vega et al [1 14] by analyzing the light emitted by 
the plume. Two clusters of neutrals with different velocities are observed. The fast species, 
both neutral and ionized, are produced by the direct ejection from the target whereas the 
slower species (neutrals) are due to recombination of ions. Blackbody emission from ejecta 
following KrF-laser irradiation of Yba 2 Cu 7 .x(YBCO) and BN targets have been observed 
by Geohegan [115] using ICCD. The spectra are used to estimate temperatures of ejecta 
from both BN and YBCO targets when irradiated at 3.5 and 1.5 J/cm^. The observed 
temperature is between 2200 and 3200 K. The dynamics of nanoparticle formation, 
transport and deposition by pulsed laser ablation of c-Si in 1-10 Torr He and Ar gases has 
been studied by imaging laser-induced photoluminescence and Rayleigh-scattered light 
from gas suspended 1-10 nm SiO* particles [116]. Optical absorption and emission 
spectroscopy has been employed to simultaneously identify populations of both the excited 
and ground states of Y and Y*. These are correlated with ICCD photographs of visible 
plume luminescence and ion fluxes recorded with fast ion probes. These measurements 
indicate that plume splitting in background gases is consistent with the scattering of target 
constituents by ambient gas atoms [99]. Thareja, Abhilasha and Dwivedi [117] have 
reported a peculiar double peak stmcture in laser produced carbon plasmas as it expands in 
the background gas. The structure is said to originate due to stratification of the plasma 
plume into slow and fast ion components at the interface where Rayleigh-Taylor instability 
occurs. Ion probes and charge collectors are also useful diagnostics for the flowing laser 
plasmas such as those used in LAP [118,119]. Dwivedi, Singh and Thareja [120] have 
studied the propagation of carbon plumes in argon atmosphere using langmuir probe. They 
have reported both the spatial and angle resolved analysis of plasma parameters as a 
function of argon gas pressure. Di Palma et al [121] have studied the formation, 
composition and gas dynamics of pulsed laser produced plasma plumes from an AIN target 
by spatially and temporally resolved optical spectroscopy. 
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LASER ABLATION DEPOSITION OF THIN FILMS 

Last several years have seen a phenomenal growth of a large number of thin film 
deposition processes. Various thin film deposition techniques which have been reported 
include evaporation [122,123], sputtering [124,125], ion beam deposition [126-128], e- 
beam deposition [129], plasma enhanced chemical vapor deposition [130,131], laser 
induced chemical vapor deposition [132], molecular beam epitaxy [133] and laser ablation 
deposition [134] etc. Of all these available techniques, laser ablation deposition (LAD) 
technique is rapidly proving to be an effective method for the preparation of a variety of 
thin films due to its several potential advantages over other techniques. The technique is 
being used to deposit a variety of materials including metals, semiconductors, 
superconductors and insulators etc [12,13,134,135]. Many thin films of several metals, 
ceramics, ferroelectrics, metal and metal compounds, polymer, biological material, 
refractive material [134], semiconductors, high Tc superconductors and insulators have 
been deposited by laser ablation deposition technique [12,135]. Laser ablation deposition 
has been used extensively to obtain high quality metallic films irrespective of their optical 
properties. The deposition of various metallic films such as Cu, Al, Co, Fe, Pt, Ti 
[13,136,137] etc have been reported in the literature. However, the reports on the laser 
ablation deposition of gold are rare [138]. The success of LAD in fabricating high quality 
and high Tc superconducting thin films has tremendously enhanced the interest in the 
research and development in this area. Laser ablation deposition offers the following 
advantages over other conventional physical vapor deposition techniques: 

1. It can be used to deposit the thin films of almost any material, irrespective of its 
optical properties [28] because under high power laser irradiation most of the 
materials turn optically opaque by an optical breakdown. 

2. Compositional fidelity is often retained between the target material and the deposited 
film and hence is attractive for fabricating stoichiometric multicomponent films 
[139,140]. 

3. It offers very high instantaneous growth rate. Growth rate of pulsed laser deposited 
CuNi films as high as 800 nm/sec has been reported [141]. 

4. Deposition can be carried out even at relatively lower temperatures due to very high 
kinetic energies of the plasma species [142,143]. 
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5. The process is relatively simple, inexpensive and free of contamination. 

6. Possibility of obtaining high-dcnsity films with good adhesion due to the presence of 
energetic species during the deposition process. 

7. The efficiency of the target used is superior compared to any other technique since a 
predominant amount of evaporated material is forward directed and can be collected 
with a high degree of efficiency. 

8. The fabrication of multi-layers is fairly straightforward with rapid substitution of 
targets into the path of the laser beam. Some of the most complex integrated high-Tc 
component has recently been demonstrated by pulsed laser deposition [144]. 

There are, however, certain drawbacks associated with LAD [145,146]. Foremost of 
these are the formation of particulates [145], inhomogeneities of deposition rates resulting 
from Cos^ profile of the ablation plume, relatively small area of deposition etc. These 
problems arise not only from the material specific properties but also from the incomplete 
understanding of the control parameters. Although the results available on LAD seem to be 
exciting and the application of LAD is ahead of its comprehension, however, many of the 
results have been obtained by trial and error approach. In practice, the formation of good 
quality films is rather difficult as it requires the optimization of various processing 
variables such as laser irradiance, laser wavelength, laser pulse width, ambient pressure, 
target-substrate separation and substrate temperature simultaneously. Each of these 
processes plays a dominant role in defining the quality of the deposited films, the major 
role being of laser produced plasma [147]. In fact, the possibility of modifying the system 
geometry (target-substrate distance and orientation, laser spot shape and dimension etc.) 
and ambient gas parameters (pressure, atomic weight, temperature, flow velocity, reactive 
properties etc.) make LAD affordable technique for growing wide variety of thin films with 
excellent properties. It is therefore, necessary to understand the mechanism of laser-surface 
interaction both experimentally and theoretically. 

Laser induced plasma at laser irradiance of ~ 10* - 10^ W/cm^ is mostly used for 
pulsed laser deposition of thin films e.g. high Tc superconductors [148,149], metallic films 
[150-152], polymeric films [153,154], microelectronics and optoelectronics [155], for 
production of clusters of aluminum [156], carbon [157], sodium [158] and copper [159], 
nanostractures [160], surface temperature measurements [161], and for diamond like 
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carbon (DLC) films [162,163]. In laser ablation deposition process, an intense laser beam 
vaporizes a solid target surface and a thin film is deposited onto a suitably placed substrate. 
The laser heating of the target surface plays a major role in the particle generation. The 
peak power density on the target reaches very high so the process involved in laser ablation 
is quite different from that in ordinary vacuum evaporation where the thermal equilibrium 
is maintained. The non-equilibrium nature makes laser ablation technique unique for thin 
film deposition. In general, LAD consists of various consecutive processes separated in 
space and time such as energy coupling to the target material, removal of the material from 
the target surface, transfer of the target material as vapor and/or plasma to the substrate via 
gas phase and the subsequent growth of thin film. 

It has been shown by several investigators [102,104,105] that the expansion 
dynamics of the plume during initial stages of expansion remains unhindered by the 
environmental gas and resembles free expansion in vacuum. It is assumed that the initial 
density distribution for ablation in gas corresponds to that in vacuum if the number of 
collisions between plasma species and background gas atoms are negligible and it is true up 
to mean free path (5) only. Hence, the background gas plays a role after the mean free path, 
given by 


1b1 

Ttr'Po 


( 1 . 1 ) 


where T is the temperature of the gas, Po the gas pressure and r the sum of radii of the 
colliding partners. During the expansion of the plume, the pressure within the plume (Pi) 
decreases and approaches the pressure of the ambient gas (Po ) i.e.. 


P,(X,Y,Z,t) = Po. (1.2) 

The distance at which eqn. (1.2) is satisfied defines the plume length, Lp given by [108] 
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where Ep is the laser pulse energy, s the fraction of laser energy absorbed in the plasma 
plume, Vi the initial volume of the plume, Pg the background gas pressure and is a 
geometrical factor. The plume length is the distance beyond which the ambient gas can 
diffuse into the plume. The influence of target-substrate distance on the film quality has 
been studied by streak photography and emission spectroscopy [164]. Lembo et al [165] 
analyzed the plume fluorescence emission and ionic yield of laser ablation from a PZT 
target. The results indicated that the oxidation of the ablated material occurs during 
transport from target to substrate and in order to grow ferroelectric thin films the substrate 
should be located in the region of the plume where the relative concentrations of metal 
oxide increases. 

Saengar [98] has reviewed a number of experimental findings. The effect of various 
parameters such as target surface topography, target substrate distance, dimensions of laser 
spot size and laser parameters viz., wavelength, fluence, pulse width on the plume angular 
distribution in vacuum has been discussed by her. Ong et al [166] have studied the effect of 
laser intensity on the deposition of DLC films using an ArF (193 nm) excimer laser. The 
presence of the ambient gas greatly influenced the deposited films. Ambient gas pressure in 
PLD process has been observed to significantly modify the lattice parameters of (1- 
x)SrTi 03 -xBaTi 03 films. The variations in the oxygen content and the interdiffusion of 
species into the substrate during subsequent annealing treatments have been discussed 
[167]. Thareja, Dwivedi and Abhilasha [22] have deposited carbon films in the presence of 
helium and argon at various pressures and attempted to correlate their formation with the 
characteristics of laser produced carbon plasmas. Thickness and composition variation in 
the laser-deposited superconducting thin films and their effects on the microstructure 
development was investigated by Singh et al [168]. Kim et al. [169] have reported an 
ambient pressure- target substrate distance relationship for optimum quality films of YBCO 
and PLZT in oxygen atmosphere using blast wave theory. Ozegowski et al [170] used four 
different pulsed lasers to deposit and study the influence of the laser parameters on plasma 
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parameters and on the surface morphology of the deposited films. Gold films have been 
used extensively as an electrical conductor in integrated circuits and microelectronics 
industry because of their desirable properties for these applications such as resistance to 
oxidation, low electrical resistance and overall chemical inertness [171]. However, the 
major problem in thin gold films is its poor adhesion to various substrates [172]. 
Bjormander et al [173] have grown ferroelectric/superconducting heterostmcture on single 
crystal LaAlOs using Nd;YAG laser. They reported characteristics of coexisting 
superconducting and ferroelectric properties which have been achieved in laser deposited 
PZT/YBCO/LaAlOa heterostructures. Perovskite Lai.xCaxMnOa^ thin films were deposited 
by Gu et al. [174] on Mg (001) substrate and the films were analyzed for the effect of 
deposition conditions, such as laser fluence, substrate temperature and oxygen pressure on 
the growth behavior of films. Recently, thin films of carbon nitride were deposited by 
pulsed laser deposition technique and were characterized for chemical composition and 
atomic bonding using scanning Auger, x-ray photoelectron spectroscopy, and electron 
energy-loss spectroscopy. The effect of the growth parameters including substrate 
temperature, substrate bias, nitrogen partial pressure, and atomic nitrogen on the film 
composition were studied [175]. Pulsed laser deposition has been shown to be a promising 
technique for the thin films of oxide materials, particularly high Tc superconducting films 
[13], ferroelectric thin films [173] and various metal oxides [176] and nitrides [177]. The 
extent of their orientation depends upon the deposition process, i.e., in situ deposition at an 
elevated temperature or low temperature deposition followed by heat treatment. However, 
only a few reports are available for the deposition of films at room temperature [143,178]. 
In situ films deposited at high temperatures are in general, highly oriented (monocrystals) 
or epitaxial, but grain growth, low deposition rates, film cracking and uneven interfacial 
reactions result in rough surfaces [179]. On the other hand, films deposited at low 
temperatures reduce the problems associated with high temperatures but they undergo a 
change in structure and as a result are polycrystalline with a random distribution or slightly 
preferred orientation [179]. 

In 1969, Asmus et al [180] showed that the absorption of CO 2 radiation by thin film 
metallic foils increases when the measurements are performed in an oxygen rich 
environment. The effect was attributed to the laser-induced thermochemical reaction of 
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of oxygen with the surface atoms of the sample to form a thin oxide layer. Although the 
great majority of these films are insulating [135] but some films such as ZnO [181,182] are 
actually semiconductors. The most commonly applied laser method in metallic oxide 
formation is that of localized laser heating [183]. In this case, the chemistry is confined to 
those areas where the temperatures are sufficiently high. PUD has been extensively 
employed in preparation of high quality films of metallic oxides [176,184,185] and nitrides 
[143,186,187]. Moore et al [188] have demonstrated the photoassisted deposition of thin 
film aluminum oxide films from layers of trimethylaluminum (TMA), dimethylaluminum 
hydride, and aluminum hexafluoroacetylacetonate condensed with water on a cold 
substrate. The effect of laser irradiation of sapphire (single crystalline a-AlaOs) was studied 
by Cao et al [184]. He reported that the laser-melted material resolidifies as y-AlaOs. Sato et 
al [189] has made a comparison of laser ablation deposited thin films of Al, C, Si and Cu. 
He found that the film of C were smooth, while other films were composed of many 
particles of 100 nm in diameter on average. Also, the films deposited by laser ablation of Al 
and Si contained oxygen. Since the success of the optical fiber amplifiers, rare earth doped 
optical materials for waveguides are being studied because of their potential application as 
planar optical amplifiers and lasers [190]. Serna et al [185] have grown and studied AI 2 O 3 
films doped in situ with erbium by pulsed laser deposition on a Si (100) wafer at room 
temperature in a single step process by alternate ablation from AI 2 O 3 and Er targets. It has 
been shown that this technique allows designing a uniform and efficient dopant distribution 
through out the film thickness. Misra and Thareja [136] have deposited AI 2 O 3 films on a 
silicon substrate at room temperature. They used 2-dimensional ICCD images of the ablated 
plumes to optimize the target substrate distance. AI 2 O 3 films on oxidized Si substrates were 
implanted with Er ions having concentrations ranging from 0.01 to 1 atomic % by Van den 
Hoven et al [190]. Photoluminescence characterization of Er-implanted AI 2 O 3 films showed 
that high Er concentration is achieved with only moderate concentration quenching effects. 
High quality epitaxial AIN layers were deposited by LAD process on sapphire substrates at 
800°C and laser energy densities of 2-3 J/cm^ for the first time by Vispute at al [187]. The 
XRD, UV-V spectroscopy, electrical resistivity, and TEM studies showed that by raising 
the substrate temperatures to 800®C and lowering of energy density of the laser to 2 J/cm^ 
improved electrical properties, crystallinity and purity of exitaxial layers. This is one of the 



1 Introduction 


15 


first reports on the growth of high quality AIN films on sapphire by PLD. The earlier 
attempts on the deposition of AIN yielded polycrystalline [191,192] or amorphous 
microstructures [178]. Titanium-aluminum-nitride (TAN) electrode films were prepared by 
pulsed laser ablation on (100) Si and (100) MgO substrates for ferroelectric lead-zirconate- 
titanante (PZT) thin-film capacitors by pulsed laser deposition technique [193]. Dual 
supersonic molecular beam gas sources of triethylaluminum and ammonia were used to 
deposit single phase aluminum nitride (0001) on Si (100) substrates at a temperature of 
700°C by Brown at al [194]. High crystalline quality epitaxial GaN films with thickness 
0.5-1.5 pm have been grown directly on AI 2 O 3 (0001) substrate by PLD [195]. The 
crystalline properties of these films were found to be comparable to those deposited by 
chemical vapor deposition and molecular beam epitaxy. Nearly oxygen free AIN thin film 
has recently been grown by pulsed laser deposition on Si substrate at a temperature of 600° 
C [196]. Optical second harmonic generation was observed in AIN films from ultraviolet to 
near infrared by Lundquist et al [197]. Near band edge transitions in AIN has recently been 
observed for the first time by luminscence emission spectroscopy [198]. 

Various techniques which are routinely used to characterize the laser-ablated films 
to get information on the surface stoichiometry, constituent content, thickness, and optical 
properties etc. are listed in Table 1.1. 

THE PRESENT WORK 

The work deals with the diagnostics and investigation of laser-ablated aluminum 
plasma in various ambient atmospheres. Various parameters of the plasma are estimated 
using fast photography. Based on the observations of image of LAP an attempt is made to 
optimize an important parameter, the target-substrate distance for thin film deposition. The 
films are characterized using several techniques and are presented in details. 

Chapter II presents the quantitative analysis of the plasma plume produced off the 
target surface by focusing an intense laser pulse. The physics of interaction of the laser 
pulse with the target, evaporation of the target material, interaction of the laser beam with 
the evaporated material, expansion of the blow off material and finally deposition of the 
evaporated material as a thin film is presented. 
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Table 1.1 


Different methods used for thin film characterization 


Optical Characterization 


Absorption and Luminescence 
Raman Spectroscopy 
Infrared Spectroscopy 


Electron Spectroscopy 


I — Photo Electron Spectroscopy 


Auger Electron Spectroscopy 


Analytical Electron Microscopy 



Scanning Electron Microscopy 
Transmission Electron Microscopy 
Atomic Force Microscopy 

Scanning Tunneling Microscopy 
Electron Energy Loss Spectrometry 
Energy Dispersive X-ray Spectroscopy 


Electrical Characterization 


Electrical Resistivity 
Electrical Conductivity 


Ion Spectrometry and microscopy 


Secondary Ion Mass Spectrometry 
Rutherford Back Scattering 


X-ray Analysis 


I — X-ray Diffraction 


* — X-ray Fluorescence 


Magnetic Resonance Methods 


Internal Stress and Adhesion 
Hardness 

Frictional Coefficient and wear 
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Chapter III describes the experimental techniques developed in order to carry out 
the present studies. The aluminum plasma was characterized using optical emission 
spectroscopy and a charge collector. The optical emission from the plume was found to be 
dominated by various atomic/ionic species at moderate laser irradiances (10® - 10** W/cm^). 
Assuming local thermodynamical equilibrium (LTE), the electron temperature for A1 II 
species was estimated using intensity ratio of emission lines. Stark broadened profiles of A1 
II transition (4p *P°-4d ‘D) at 559.3 nm were used to calculate the electron density. The 
presence of an ambient gas increased the intensity of emitted spectra and hence resulted in 
increase of electron temperature. A charge collector was used to characterize the total ionic 
yield from the laser-ablated aluminum plasmas. Faraday cup was fabricated and used in 
time of flight mode for this work. Preliminary work on linear time of flight mass 
spectrometer (to be used for laser ablation studies) is also discussed. 

The results on the investigation of laser-ablated aluminum plume using fast 
photography are discussed in Chapter IV. In order to study the dynamics of the laser- 
ablated plasma, the characteristic luminous plume is imaged at different time intervals with 
respect to the ablating pulse, onto an ICCD camera system. The continuity equation along 
with equations of motion are solved numerically to simulate the expanding front of a laser- 
ablated plume and is found to compare well with the recorded image of the plume. The 
recorded image is used to plot displacement-time curves, which in turn are used to calculate 
the velocity of the expanding plume front. Equations of hydrodynamics are used to 
calculate various plasma parameters such as plasma vapor density, pressure and 
temperature. The variation of each of the above parameter in various (Ar, He, N 2 , O 2 and 
Air) ambient environments, delay time and laser energy are discussed in details. Classical 
drag and blast models are used to explain the dynamics of the experimentally observed 
expanding front. An empirical model based on the experimental observations is presented 
to describe the motion of plume in an ambient atmosphere. Stratification of the laser- 
ablated plasmas observed both in metals and polymers is explained on the basis of double 
vaporization from the target. 

In Chapter V, the results on the deposition of laser-ablated aluminum oxide and 
nitride films at room temperature are presented. XRD, SEM, RBS, EDX and Raman 
spectroscopy are used to characterize the deposited films. The combined outcome of this 



1 . Introduction 


18 


Chapter and characteristics of laser ablated plumes is the development of a technique to 
optimize the target-substrate distance, a vital parameter for the deposition of metal 
oxide/nitride and high Tc superconducting films. 

Chapter VI summarizes the results of the present work. 


Chapter II 


LASER-ABLATED PLASMAS 

The process of laser interaction with matter resulting in the formation of plasma is a 
subject of many theoretical [18-20] and experimental [10, 21-24] studies. The process can 
be categorized in three regimes, namely: 

1 . Evaporation regime, where the laser-target interaction and the evaporation of the target 
surface layer takes place. 

2. Isothermal regime, the regime in which the laser-plasma interaction begins resulting in 
the formation of a high temperature expanding plasma. 

3. Adiabatic regime, the regime defines the characteristic forward-directed expansion of 
the plume after the termination of laser pulse. 

The first two regimes start with the laser pulse and continue until the laser pulse 
duration. The last regime starts after the termination of the laser pulse. A physical 
understanding of the dynamics of the vaporised plume is crucial to the process of 
deposition of thin films. Thus, it is important to study each of the three regimes separately. 

LASER TARGET INTERACTION 

The mechanisms responsible for the absorption of laser radiation, electron 
generation and subsequent plasma formation are: 
a) Cascade Breakdown 

In this process laser radiation is absorbed on collision of electrons with neutrals. If 
the electrons energy is sufficient they can impact ionize the gas or solid through the 
reaction 

e' + M -> 2e’ + . 

The concentration of electron increases exponentially with time leading to cascade 
breakdown. This process occurs provided there is an initial electron in the focal volume 
and electrons acquire energy greater than the ionization energy of the gas or band gap 
of the solid. 
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b) Multiphoton Ionization 

The mechanism involves the simultaneous absorption by an atom or molecule of a 
sufficient number of photons to cause ionization or to raise an electron from the valance to 
the conduction band. The process can be described by an equation 
M + bhv-»M^+e 

If El is the ionization potential of the gas (or band gap for a solid) the number of 
photons b must exceed the integer part of (ei/ hv + 1). The ionization rate is proportional to 
II and the electron density, where It is the intensity of laser radiation. For constant It the 
ionization rate increases linearly with time. Multiphoton ionization is important only at 
short wavelengths (X < 1 pm). 

Both the mechanisms, cascade and multiphoton ionization require moderate 
irradiance (> 10® W/cm^). However, breakdown of solids has been observed at irradiance as 
low as 10*^ W/cm^ [21]. Absorption of radiation by the solid (either bulk or at impurity sites) 
causes its vaporization thus driving a shock into the surrounding air. Absorption of 
radiation by electrons in the vapor or behind the shock leads to heating of the vapor or 
shocked air. This leads to the generation of more thermal electrons and concurrently to a 
higher absorption rate. 

At laser intensity - 10® W/cm^, the absorbed radiation appears as heat which is 
evenly distributed through out the material by thermal diffusion. In case of metals the 
conduction electrons absorb the laser photons and are excited resulting in increase in their 
kinetic energy. The increase in kinetic energy of electrons can increase collision frequency 
which results in the rise in temperature of the surface of the material [199]. At slightly 
higher laser intensities (> 10® W/cm^) depending on the thermal conductivity, thermal 
diffusivity, reflectively of the target material and the parameters of laser pulse, local 
heating of the surface increases and a molten pool of depth (DiffcO*^^ is formed [28], where 
Diff is the thermal diffusivity and tl is the laser pulse duration time. If the optical absorption 
depth is much smaller than the thermal diffusion length, a ‘ « L* the absorbed energy is not 
appreciably diffusible from the surface region but is mostly used up to excite the atoms and 
particles leading to surface heating. A further increase in irradiation causes the surface 
temperature of the molten pool to reach boiling point resulting in evaporation. This will 
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happen when the energy deposited is approximately equal to the latent heat of sublimation 
[28] Ls (erg/gm) = ’ where p is the density of solid target and II is the 

intensity of laser irradiation. Once the vapors are formed, the laser light causes further 
heating resulting in the formation of plasma. The removal of the material from the target 
surface by laser irradiation depends on the coupling of laser beam energy with the solid 
target. 


The amount of material evaporated can be calculated using energy balance 
considerations. The energy deposited on the target by the laser beam is equal to the sum of 
energy needed to vaporize the surface layers, the conduction losses by the target and the 
losses due to absorption of the laser energy by plasma. The thickness of the target material 
evaporated per pulse (Axth) is given by 

(l-Ra)[E-(Conduction losses + Plasma losses)] = Axth[pnCpAT + EAH] 
where Ra, pn, Cp, AT and AH represents the reflectivity, density, heat capacity, temperature 
rise and volume latent heat of the target material respectively. Since AH » pnCpAT, it 
follows from above equation 


Ax*=(l-R.) 


E-E„ 
AH 4- C, AT 


(cm) 


( 2 . 1 ) 


Here E* is the laser energy threshold. This equation is valid for conditions where 
the thermal diffusion distance Lth [= (2 Dtl)*^^] is larger than the absorption length of the 
laser beam in the target material, a'*. In eqn. (2.1), the energy threshold (E*) depends on 
the laser wavelength, pulse duration, plasma losses and the thermal properties of the 
material. If the material parameters are independent of pulse energy density, a linear 
increase in evaporated material thickness as a function of pulse energy density is observed. 
However, a nonlinear behavior, especially at high energy densities, is observed due to the 
change in plasma losses and reflectivity of the laser beam. The evaporation flux is 
dependent on both the laser and material parameters which indirectly play an important role 
in the determination of plasma absorption coefficient. 
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Mecha^ms of Plume Ionization 

It follows from the previous section that the interaction of the high power laser 
beam with the bulk target leads to very high surface temperature resulting in the emission 
of positive ions and electrons from the target surface. The flux of the electrons can be 
estimated using Richardson equation, 

j = BT^ exp(-(j)/kBT) (2.2) 

and ions by Langmuir Saha equation 

n,+/n,o = (g+/go) exp[((i)-Ei)/kBT] (2.3) 

where, j is the current density, (j) the work function of the surface, T the temperature, ka the 
Boltzmann’s constant and B is a constant equal to 60.2 A cm'^deg'^ for many metals. n, 4 . 
and nio are, respectively, the positive ions and neutral species density leaving the surface at 
temperature T and g+ and go are, respectively, the statistical weights of the ionic and the 
neutral states. 

The plasma formation can mainly be ascribed to the following processes during the 
laser-vapor interaction, namely collisional excitation, collisional ionization, photo- 
excitation, photo-ionization and bremsstrahlung. Depending upon the wavelength and 
fluence of the laser radiation, inverse bremsstrahlung and/or photoionization dominate. 

The dispersion relation for an electromagnetic wave travelling through a plasma is 
given by - cop^ = c^, where cOp is the plasma frequency, cop = (4 u ne e^/ nic)*^^ Hz, c, 

the speed of light, k, the propagation vector and ne is the electron density. For to > (Op, k is 


real and the propagation of electromagnetic wave take place whereas for © < cOp, k is 
imaginary and the wave is not propagated at all. At © = ©p, the reflection of laser light 
occurs at a density called the critical density, nc = [vcys^lAn e^]. Most of the absorption of 
laser energy occurs at or close to nc. The laser light is absorbed in the plasma by an inverse 
bremsstrahlung process which is due to electron-ion collisions in the plasma. The 
absorption coefficient is given by. 




1/2 


(2.4) 
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and A = 


3(k3T,)^^^ 


where, Ze, n, and Te are respectively the average charge, ion density and temperature of the 
plasma, ks and v are the Boltzmann constant and the frequency of the laser light 
respectively, InA stands for the coulomb logarithm which gives dynamical information 
about ion-electron collisions. For laser produced plasmas InA takes on value between 5 and 
10 . 

In an inverse bremsstrahlung process, if oi)»(i^ the second factor in eqn. (2.4) may 
be taken as unity and the rate of absorption varies as n^. The absorbed energy causes an 

increase in the kinetic energy of the electrons i.e. an increase in electron temperature and 
this in turn produces further ionization with a consequent increase in n*. Hence the rate of 
absorption and with it the rate of ionization escalates so that n<s increases further and 
eventually approaches nc, the critical density is established across a plane surface some 
distance into the plasma. The critical density corresponding to 1.06 pm radiation is 
approximately 10‘* cm'^. At a distance where the plasma attains the critical density, the 
plasma becomes opaque to the incoming radiation which causes laser light to get reflected. 
Laser light can no longer reach the target surface to generate new plasma. However, the 
plasma growth does not cease. Because of the heating due to the absorption of radiation by 
inverse bremsstrahlung, the plasma is driven rapidly away from the target surface resulting 
in the decrease in electron density and hence laser light again reaches the surface. These 
processes do not take place discontinuously but merge into a smooth self-regulating regime 
with the generation, heating and expansion of plasma taking place through out the laser 
pulse. Figure 2. 1 , shows the formation of laser-ablated plasma and different regions formed 
when a laser beam is incident on a planar solid target. The situation is analogous to rocket 
take off condition where the hot gas exhaust results into a net upward thrust. 

The energy absorbed by the electron equilibrates very rapidly so that a well-defined 
electron temperature is reached. The energy gained by the electrons is also shared with ions 
in collision. The time required to attain equilibrium (the electron-ion thermalization time) is 
given by [200]: 


H W Q ?0 > H 
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Absorption region 



Compressed I 

material Shock wave 


Fig. 2.1. Figure shows the schematic of a laser-ablated plasma formed when 
a laser beam is incident on a planar solid target 


2. Laser-ablated Plasmas 


25 



If this time is considerably less than the duration of Q-switched pulse, then a good degree 
of thermalization is expected in plasma. The thermalization time for A1 (A=27, ne»10*^. 


Tea20,0(X) K) is found to be of the order of picoseconds which is much less than the 
duration of a Q-switched pulse (nanoseconds) used. However, at higher irradiances (>10'^ 
W/cm ) the laser-ablated plasma is heated to a very high temperature in a thin absorbing 
layer at the surface of the dense regime and has only a small optical thickness, the self 
regulating regime does not exist. Absorption becomes non-collisional and takes place via 
resonance mode conversion at critical density. These plasmas are used for studying 
dynamics of strongly coupled plasmas [201], short wavelength lasers [71,202] and 
simulating astrophysical like plasmas [201]. 

Plasma in an ideal thermodynamic equilibrium at a temperature Te satisfies the 
following conditions: (a) all particles; electrons, neutral species and ions obey the Maxwell 
velocity distribution law, (b) the population distributions over the states of any atom or ion 
are given by the Boltzmann formula, (c) the number of ions in stage Zj relative to the 
number in stage (z,-l) is given by the Saha equation, (d) the intensity distribution of the 
radiation in the cavity as a function of frequency and temperature is given by the Planck 
formula. A system is said to be in complete thermodynamic equilibrium if it follows all the 
conditions. Rarely, is a perfect thermodynamical equilibrium approached in case of laser- 
ablated plasmas. The commonest plasma model is the local thermodynamic equilibrium 
(LTE). In LTE it is assumed that collisional events, in particular the events involving 
electrons, determine the behavior of the system. These collisions are assumed to be 
governed by the same laws as that hold in thermodynamic equilibrium. Thus if an electron 
temperature Te is defined and electron velocity distribution is defined in terms of Te then 
the populations in excited states and various stages of ionization are given by the Maxwell 
velocity distribution, the Boltzmann formula and the Saha equation. The radiation 
distribution is, however, not given by Planck’s equation and the radiation effects are 
assumed to play an insignificant role in determining the equilibrium in the plasma. 
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ISOTHERMAL REGIME 

Because of the high expansion velocities of the leading plasma edge, the electron 
and ion densities decrease very rapidly with time, making the plasma transparent to the 
laser beam for larger distances (away from the target surface). As the plasma is constantly 
augmented with evaporated particles at its inner edge adjacent to the target surface, a thin 
region near the surface is constantly absorbing the laser radiation during the time interval of 
laser pulse. A schematic diagram of the laser interaction with the plasma-target is shown in 
figure 2.2. The figure shows that the four separate regions can be distinguished (i) 
unaffected bulk target, (ii) evaporating target surface, (iii) area near the surface absorbing 
the laser beam and (iv) rapidly expanding outer edge which is transparent to the laser beam. 

The bremsstrahlung process is responsible for maximum radiative loss in the laser- 
ablated plasma and the emitted power in Watt/unit volume is given by 

Pp =1.42 X 10'^ 

For the case of laser-ablated aluminum plasma Ze = 1, Ue - 10’*^/cm^, Tc - 20,000 K and the 
volume [= UfTtS], where Uf is the initial expansion velocity (= 10^ cm/sec), tl is the laser 
pulse duration (8 ns) and S is the irradiated area (- 5.31 x 10'* cm^)], the emitted power is 
of the order of 2 Watt, which is very small compared to laser pulse power (= 10^ Watt). As 
a consequence of the small value of tl, the plume is uniformly heated and due to negligible 
loss the first step of the expansion process can be taken as isothermal. A dynamic 
equilibrium exists between the plasma absorption coefficient and the rapid transfer of 
thermal energy into kinetic energy. At higher energy densities when the plasma absorbs an 
appreciable amount of energy, a self-regulating regime may exist near the target surface. It 
has been shown that the density, temperature, and dimension of the plume adjust in such a 
manner that the plasma absorbs same amount of laser radiation to maintain self-regulating 
regime [19]. During the isothermal regime the power absorbed by plasma is distributed 
uniformly over its entire mass. This is valid for laser produced plasmas where the 
thermalization time is significantly smaller than the plasma expansion time which results in 
the establishment of a uniform temperature in the plasma. Thus, in this regime the plasma is 
in isothermal state, continuously absorbing the laser radiation and expanding outwards 
isothermally. This region is constantly augmented with particles evaporated from the target 
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ABC D 


BULK TARGET PLASMA CLOUD 


A = Uneffected Target 

B = Evaporated Target Material 

C = Dense Plasma Absorbing Laser Radiation 

D = Expanding Plasma Outer IMge Transparent 
To The Laser Beam. 


Fig. 2.2. Schematic diagram showing different phases during 
laser interaction with target , 
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surface. The rapid expansion of the plasma in vacuum results from large density gradients. 

The plasma which is absorbing laser energy can be simulated as a high temperature 
and high pressure gas initially confined in a small volume which is suddenly allowed to 
expand in vacuum/ambient atmosphere. Because of the large pressure gradients initially 
present near the outer edge (vacuum), very high expansion velocities are induced at this 
edge. In the initial stages of the plasma expansion when the particle density is high the 
mean free path of the particle is short and hence the plasma behaves as a continuum fluid. 
The following equations of gas dynamics can thus be used to simulate its expansion, 

— + V.(nv) = 0 (2.6) 

dt 


nm 

V 


dt 


\ 

J 


+ (v.V)v = -VP 


(2.7) 


where n is the number density, v the velocity and P the pressure. For the duration of the 
laser pulse the plasma temperature can be taken to be constant i.e., the expansion is an 
isothermal one. The density (n) of plasma at any point (x, y, z) at time t can be expressed as 
a Gaussian function given by [ 1 9] 

x^ y^ 

2X(tf 2Y(t)^ 2Z(tf 

( 2 . 8 ) 

where Nj is the total number of ablated species at t = tl (pulse width). X(t), Y(t) and Z(t) 
are the dimensions of the expanding plasma in the three orthogonal directions and 
correspond to the distances at which the plasma density decreases to 60.65 % of the 
maximum density. Assuming plasma to be an ideal gas, the pressure at any point can be 
expressed as 

P(x, y, z, t) = n(x, y, z, t)RgTi (2.9) 

where Ti is the isothermal temperature of the plasma and Rg the gas constant. It has been 
shown that gas dynamic equations follow similarity transformation [203] in which the 
velocity can be expressed as 


n(x,y,z,t) = 


Nxt 


V 27 c' ^ tLX(t)Y(t)z(t) 


exp 
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__ X dX(t) , ^ y dY(t) . z dZ(t) ^ 

x(t) dt Y(t) dt ^ z(t) dt ^ 


( 2 . 10 ) 


ci]?C dY" c\7f 

where 1*^® expansion velocities of the plasma edges X, Y, and Z 


respectively. Substitution of equation (2.8) in (2.10) gives 


X(t) 


t dt dt^ 


Y(t) 


^ ^ 

t dt ^ dt^ 


= Z(t) 


1^ d^ 
t dt dt^ 


ksT, 

m 


t<T, 


( 2 . 11 ) 

where m corresponds to the mass of atomic species. The above equation determines the 
initial expansion in the three orthogonal directions. The initial dimensions of the plasma are 
of the order of mm in the transverse direction whereas in the perpendicular direction they 
are less than 1 ^m. Equation (2.11) shows that during initial expansion stages when the 
velocities are small the acceleration is very high. With the increase in expansion velocity, 
acceleration starts to decrease and ultimately becomes zero resulting in an elongated shape 
of plasma. Since the plasma dimensions are much smaller along the target normal than in 
the transverse direction the expansion is anisotropic. 


ADIABATIC EXPANSION 

After the termination of the laser pulse, no particles are evaporated or injected into 
the inner edge of the plasma. The thermal energy rapidly gets converted into kinetic energy 
giving higher expansion velocity of the plasma. The adiabatic equations of state are 

P[X(t)Y(t)Z(t)f‘ = constant (2.12.a) 

Tjx(t)Y(t)z(t)f'~‘ = constant (2.12.b) 

where yi is the ratio of the specific heat capacities at constant pressure and volume and T* 
corresponds to the plasma temperature. In adiabatic expansion regime, the velocity of the 
plasma increases due to a decrease in thermal energy of the plasma. As there is no injection 
of particles in the inner edge of the plasma, the density and pressure gradients can be 
expressed in a form similar to eqn. (2.8) and (2,9) by neglecting the term (t/tt) which takes 
into account the injection of particles into the plasma. The density (n) and pressure (P) in 
the plasma can be expressed as 
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n(x,y,z,t)= 


N. 


V2jc‘-^X(t)Y(t)z(t)^^^^_ 2X(tf 2Y(tf 2Z(tf 


P(x,y,z.t)= 


NM 


V27i‘^X(t)Y(t)z(t)^^^^|_ 2X(t)^ 2Y(tf 2Z(t)\ 


t>TL 

(2.13) 

t>TL 

(2.14) 


The equations of the gas dynamics are the same as in the isothermal regime except 
that the equation of energy and adiabatic equation of state need to be solved. Differentiating 
eqn. (2.12.a) and (2.12 b), we get the adiabatic equation of state. 


1 

— -H V.VP 


dn _ 

— + v.Vn 

p 

L^t J 

n 

La J 


= 0 


and the equation of temperature is given by 

ar 


at 


-f-V.VT = (l-Y,)rV.v 


(2.15) 


(2.16) 


We have assumed that there are no spatial variations in the plasma temperature, so second 
term will be zero. Substituting the velocity, density, and the pressure equation into the 
differential equations the solution, which controls the expansion of plasma is given by 


x(t) 


d^X 

dt^ 


= Y(t) 


d"Y 

dt^ 


Z(t) 


d^Z 

dt^ 


ksT, 


XqYqZq 


m Lx(t)Y(t)z(t)J 


Yl-‘ 


t^T, 


(2.17) 

where Xo, Yo and Zq are the initial orthogonal edges of the plasma after the termination of 
the laser pulse (t>TL). The above equation shows that acceleration of the plasma species 
depends upon the temperature and dimensions of the plasma and the mass of the species. 


LASER-ABLATED PLASMA IN THE PRESENCE OF AN AMBIENT GAS 

When a laser-ablated plasma flows into an ambient media interstreaming plasma 
interactions, much like those found in many space and astrophysical situations occur [28]. 
At low background gas pressure (p<10‘^ Torr) a large fraction of ions stream through the 
background gas depositing very little of their energy. Whereas at higher pressure (p>10' 
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Torr) of the ambient gas essentially all the kinetic energy of the ions is lost in collisions 
with the background gas particles that occur within a very small volume near the target 
resulting in shock/blast waves [203,204], The interaction of laser-plasma with the ambient 
gas results in recombination interactions, collisional and collision-less interactions, 
shock/blast wave interactions, micro-instabilities and turbulent interactions etc.. 


Shock Waves 


We will now concentrate on the motion of the plume front along the Z-axis in an 
ambient atmosphere. Before we start looking at the plume dynamics it is essential to 
identify the following boundaries, namely: the contact front or the expansion front, 
compressed front and the shock front. In the present context the plasma pushes and 
compresses the ambient gas in front of it. It acts as a piston and almost all the ejected 
particles are concentrated near the boundary called the contact front or the expansion front 
(this front is dynamic). A thin region in front of the contact surface is compressed between 
the piston and the ambient atmosphere and is termed as compressed front. The region 
between the driven gas and the ambient gas is the shock front. A shock wave is a 
discontinuity formed near the leading edge of the plume when the surrounding gas is 
distinctly pressed by the ablated species. Figure 2.3 gives a schematic of the expanding 
plasma in an ambient atmosphere. The expansion of plume in vacuum shows an angular 
distribution due to collision of particles among themselves. However, in case of an 
expansion in an ambient atmosphere collisions between the particles of the ambient gas and 
the plume particles also take place which attenuate and slow down the plume front. 

If we consider our expansion to be conical at earlier times with vertex at the 
focusing point of the laser beam and spherical at later times, the shock thickness can be 
approximately calculated by considering that entire mass of the gas encompassed by the 
shock wave is concentrated in a thin layer behind the front surface, the density inside the 


layer being constant and equal to the density behind the front p* = Po 



. The 


thickness A of the shock is determined from the conservation of mass. The initial mass Mo 
and the final mass Mf are given by, Mf = 47tR^Aps and Mo = for spherical 
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Fig. 2.3. Schematic of various regions formed during the expansion of a laser- 
ablated plasma in an ambient atmosphere 
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expansion, and Mf = C{(R -pA)^ - R^}ps and Mo = C R^ Po for conical expansion, where C 
is a constant taking care of geometrical factor. Thus A is given by [91,205]; 




R(Y,-l)/3(yi-H) 


for conical expansion 


( 2 . 21 ) 


for spherical exp ansion 


Yi the specific heat ratio of the vapor (1.2- 1.3) [203], and R is the position of the expanding 
front. The density, pressure and temperature in the shocked region can be estimated by 
applying the laws of conservation of mass, momentum and energy. The velocity and 
temperature of the shocked region are given by [204]: 



Tsh = 


_^Yi_ (Yl T„ 


Yi +1 L(Yi +1) 


( 2 . 22 ) 


where Vj is the velocity of the shocked region, Vf the velocity of the expanding plume front, 
M is the Mach number (=Vf/ao), Vf (can be estimated from R-t plots) the velocity of the 


expanding front. To the background gas temperature, psh the density of the shocked region 
and Po is the density of the ambient gas at NTP. From the values of temperature and 
density of the shocked gas, the extent of diffusion can be estimated. The diffusion 
coefficient (D) [102] and diffusion range (Dr) [102] are being given by 

D = Do(T/ro)''^(Po/psh) (2.23) 

Dr = (4Dt)''^. (2.24) 


In order to evaluate the plasma parameters (Pi, Vi, pi) in terms of known 
parameters of undisturbed gas (Po, Vo, po), the law of conservation of mass can be 
expressed as [203,204], 

piui = poUo (2.25) 


The law of conservation of momentum, as 
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Pi + piUi^ = Po + poUo^ (2.26) 

and the law of conservation of energy ( in terms of specific enthalpy), as 

hpi + U 1 V 2 = hpo + U 0 V 2 (2.27) 

where P denotes the pressure, u the velocity, p the density, e the internal energy and hp = s 
+ P/p the enthalpy of the system. Here the subscript 0 and 1 denote the undisturbed gas and 
plasma region (vapor) respectively. Knowing the thermodynamic properties of the gas (Po, 
Po) ahead of the plasma and assuming that the value of velocity of plasma particles creating 
the shock wave is known, remaining variables can be calculated. 

Eliminating po and pi from eqn. (2.26), we get 


u;: = 

0 ’ O 


Vi^ 


Pi-Pq 
Vo -V i 

Pi-Po 


(2.28) 


(2.29) 


Vo-v, 

where Vo/V 1 = Uo/ui, where Vo and Vi are the specific volumes. Using (2.28) and (2.29) in 
(2.27) we get. 


hpi - hpo = Vi (Pi-Po)(Vo4-V,) (2.30) 

eqn. (2.30) is termed as shock adiabatic or the Hugoniot relation. Substituting 

hp = CpT = PVyi/(Yi-l) (2.31) 

P. (r,+i)v,-(y,-i)v, 


in eqn. (2.31) gives 


P. (ri+i)v,-(T,-iK ’ 

Vi (Ti-i)P|+(ri-n)P. 

v„ (r,+i)P,+(r,-i)P.’ 


and 


PiVi 


P„v„ 


Pl 

Po 


Vq Jyi+i^ 
V, Ui-i. 


(2.32) 


(2.33) 


(2.34) 


For a strong shock wave, P 1 /P 2 » 1 and Vi/Vo»(yr l)/(yi+l). Also, a^ = idP/dp)s= yi(P/p) 


= yiPV we get 


Pi=2po uf /(1+yi) 


Ti=P,/(RgP,) 

where ao is the speed of sound and Rg the gas constant. 


(2.35) 

(2.36) 
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Now we discuss the plume dynamics in case of expansion into the ambient gas 
based on two existing models viz. Classical drag [99,102,104,106] and Blast [102,104,203] 
model. 


Drag Model 

In order to define the finite propagation of the plume in an ambient atmosphere, we 
consider the ablated particles to be an ensemble assumed to move in the forward direction 
with a force due to its internal pressure (dP/5x)5V, the net force in X-direction becomes 


PoFxdV. 




dV = 


dt 


PodV 


(2.37) 


similarly, for Y and Z directions. The equation of motion (eqn.2.7) becomes 

]vP (2.38) 


^ + (v.V)v = F- 




vPo y 


Introducing the drag force F = -Pv in the above equation and taking only X component, 
here, v is the speed of the ensemble and P the damping coefficient, we get 


dt 


■+ V. 


dx 


= -Pv, 


ksTTapo 
Po^l dx 


(2.39) 


where v(x,y,z,t) = iv^^ +jVy ^-kv^ 

Assuming Maxwell-Boltzmann distribution, the density is given by 


Po =Gexp 


m(vx+VyH-vO 
2k bT 


(2.40) 


where G is a constant, on substitution of po in equation (2.39), we get 

%- = -Pv. (2-41) 

dt 


J^=_Jpat (2.42) 

applying boundary condition, at t=0, v* = Vo, we get 

Vx = Vo exp(-pt) (2.43) 


since Vx = dx/dt, we can write 
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Integration of eqn. (2.44) gives 


— = exp(-j3t) 
x = Iv^exp(-pi)]^ 

-P 


(2.44) 


(2.45) 


On applying boundary conditions; at t=0, x = 0, we get Gi = Vo/p, eqn. (2.45) reads 

X — Xmax[ 1 '®Xp(-Pt)] (2.46) 

where X^ax = v^p, and is referred to as the maximum distance to which a plume can 
expand in an ambient atmosphere. 

Eqn. (2.45) shows that plume progressively slows down and eventually comes to 
rest due to the drag force (at a place where the ambient pressure equals the plume pressure). 
The distance from the target at which the propagation of the plume ceases is called the 
stopping distance or plume length. 


Blast Wave Model 

Consider a perfect gas with constant specific heats and density po in which a large 
amount of energy E is liberated in a small volume (a point explosion) during a short time 
interval. A shock wave will propagate through the gas starting from the point where the 
energy is released [203]. We shall consider the process at a stage when the shock wave has 
moved through a distance which is extremely large in comparison with the dimensions of 
the region in which the energy was originally released, i.e., the mass of gas set in motion by 
the explosion is large in comparison with the mass of the explosion products. In the case of 
a laser beam ablating a target, the energy released can be assumed to be both instantaneous 
and occurring at a point, focussed spot. We shall also assume that this stage of the process 
is sufficiently early that the shock wave has not moved too far away from the source so that 
its strength is still sufficiently large. Thus we can neglect the initial gas pressure or counter 
pressure Po in comparison with the pressure behind the shock wave. This is equivalent to 
neglecting the initial internal energy of the gas which has been set in motion in comparison 
with the explosion energy E and disregarding the initial speed of sound a®, in comparison 
with the velocities of both the gas and the wave front. 
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The gas motion is determined by two-dimensional parameters, the energy of the 
explosion E and the initial density po. These parameters cannot be combined to yield scales 
with dimensions of either length or time. Hence, the motion will be self-similar, that is, will 
be a function of a particular combination of coordinate ta (distance from the center of the 
explosion) and the time t. The initial speed of sound ao cannot be used to characterize the 
process; whenever Po = 0 in a particular approximation, ao will be equal to zero to the same 
degree of approximation. This condition determines the limits of applicability of the 
solution. We impose specific requirements on the accuracy of the solution by comparing 
the pressure Pi behind the wave front and the propagation velocity of the shock wave Vjh, 
with Po and ao, and find the time when the approximation Pi » Po is no longer satisfied. It 
should be noted, however, that the condition for neglecting the counter pressure is 
Pi»[(Yi+l)/(yi-l)]Po- With this condition the density ratio across a shock wave is equal to 
its limiting value (yi-*-1)/(Yi- 1)- Hence the quantity xji cannot serve as the similarity 
variable. In this case, the only dimensional combination which contains only length and 
time is the ratio of E to po, with the dimensions [E/po] = [cm^ sec'^]. Hence the 
dimensionless quantity 





(2.47) 


can be taken as a similarity variable. 

The shock front is described by a given value of the independent variable The 
motion of the wave front R(t) is defined by 




R = ^c 




. 2/5 


(2.48) 


The propagation velocity of the shock wave becomes 


'sh 


^_2R^ 2 
dt “5 t 5 




1/5 


,- 3/5 


\yoj 


_^c5/2 

- 5^0 




R 


-3/2 


(2.49) 


We can express the parameters behind the front in terms of its velocity using the limiting 
formulas for a strong shock wave, viz; 
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Pi =Pc 


Yi +A 
Yi -1. 


Pi 


2 2 
Po^sh ’ 


Ui=- 


'sh 


(2.50) 


Yi+1 " ■ Y,+l 

The density behind the wave front stays constant and is equal to its limiting value. The 
temporal dependence of pressure is 


Pi ~ Po^i ~ Po 


KPo. 


, 2/5 


- 6/5 


R 


3 * 


(2.51) 


The above model is restricted between two extremes i.e., in a range of R beyond 
which the model breaks down. The first limit requires that the mass of the gas encompassed 
by the shock wave (« 2/3 rtR^) is much greater than the initial explosion mass (Mo) i.e., 

R»Ri = (3MJ2npof^ (2.52) 

The second limit requires that the pressure driving the front (Pi) is much greater than that 
ahead of the propagation (Po) of the explosion front i.e., 

R2 = (Eo/Po)*'^ (2.53) 

Thus the model is expected to hold for Ri « R « R 2 

or (3 Mo/2kPo)‘^^ « R « (E/Po)*'^ (2.54) 

In general terms, the shock model eqn. (2.43) can be written as 

R = Kit'* , (2.55) 

where, Ki is a constant, q an exponent and has a value of 0.4 for ideal shock condition and 
1 for free expansion. 

To conclude, in this Chapter we have discussed the basic mechanisms of laser 
ablation leading to the formation of hot plasma. The dynamics of the laser-ablated plume 
expanding in an ambient environment using hydrodynamic equation is presented. 
Expansion of the laser-ablated plumes in an ambient atmosphere is discussed in the light of 
shock and drag models. 


Chapter III 


EXPERIMENTAL TECHNIQUES 

An overview of laser-ablated plasmas is presented in Chapters I and EE. An 
extensive study was undertaken on the propagation of laser-ablated plasmas in vacuum and 
in presence of air, nitrogen, helium, argon and oxygen at low and moderate laser irradiance. 
These studies form the basis of optimizing one of the most important parameters, the target- 
substrate distance for the deposition of various metal-oxide [136, 176,206] and metal- 
nitride films [143]. In the work presented, we deposited metal-oxide and metal-nitride films 
on silicon substrate [136, 143], and characterized them using XRD [207,208], SEM [209- 
213], RBS [214] and Micro-Raman [215,216]. This Chapter describes various experimental 
techniques developed/used for the work presented. 

A Q Switched Nd:YAG laser (Spectra Physics, DCR-4G) was used to produce 
plasma for laser ablation studies. It delivers 1 J in 2.5 and 8 ns (FWHM) pulse at 
fundamental (k = 1.064 pm) with a repetition rate of 10 pulses per second. The laser has a 
Gaussian limited mode stmcture, the beam divergence being less than 0.5 mrad. The energy 
of the laser was monitored both by using conventional method of reflecting a part of the 
laser beam on a calibrated photodiode and displaying the output on a storage oscilloscope 
(Iwatsu, TS-8123) with a 50 Q terminator, the oscilloscope was triggered externally with a 
Q-switched synchronous pulse from Nd;YAG laser. The storage scope is interfaced to a 
personal computer through a general-purpose interface bus (GPBB) and an interface card 
(National Instruments, USA) where the output signal is stored for further analysis. 
Secondly, by measuring energy directly on a calibrated laser power meter (Ophir, Model 30 
A) by placing the meter in the path of the main laser beam. Laser energy was varied by 
changing the voltage on the laser oscillator and the amplifier. Bum patterns taken at 
different energies showed no significant variation in the mode pattern. The pulse duration 
was measured using a fast photo diode (Antel, Model AS-2, rise time < 35 ps). The output 
form the detector was displayed on an oscilloscope (Tektronics, 1 1 302A). The output signal 
was digitized using digitizing camera (Tektronics, DCS 01) attached to the oscilloscope. 
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Digitized signals were fed to a personal computer for further data processing. A typical 
temporal profile of 8 ns pulse at 1.06 pm is shown in figure 3.1. 

The interaction chamber and the experimental setup used for our study is shown in 
figure 3.2. The interaction chamber is made of mild steel with eight output ports. One of the 
output ports is used for laser entrance and one of the two perpendicular ports was used for 
recording the optical emission from the ablated plume and imaging the expanding laser- 
ablated plasma plume on an Intensified Charge Couple Device (ICCD). The chamber was 
evacuated to a pressure better than 10"* Torr using a rotary/diffusion pump. The ambient 
gas was fed into the chamber from a gas cylinder through a needle valve connected to the 
interaction chamber. Experiments were carried out in presence of air, helium, argon, 
nitrogen and oxygen at various pressures ranging from 10"* - 100 Torr. The chamber was 
purged several times before filling in the gas for experiment. 

Laser ablation and formation of thin film on a substrate involves the formation of 
laser-induced plasma and propagation of ablated species to the substrate. The optimization 
of the plasma parameters during thin film growth may act as an in-situ diagnostic to obtain 
the films of desired properties. Hence in order to optimize the deposition parameters, it is 
essential to study the plasma plume on its course towards the substrate. Table 3.1 shows 
various diagnostic techniques used for studying plasma parameters such as vapor 
temperature, vapor pressure, vqior density, electron temperature, electron density, velocity 
of plasma/plasma species etc.. We have used plume imaging, optical emission 
spectroscopy, time of flight mass spectrometry and charge collector device to characterize 
the laser created plasma for our work. 

FAST PHOTOGRAPHY 

The laser beam was focussed on to an aluminum target in a vacuum chamber in 
ambient (Ar, He, air, O 2 and N 2 ) atmosphere at various pressures. Fast side on (two- 
dimensional) views of the expanding plume were made by recording the overall visible 
emission from the plume with a gated ICCD (Princeton Instmment, 576G/2). The detector 
consists of an intensifier, a Micro-Channel Plate (MCP) with spatial response in the region 
200-800 nm and 384 x 576 CCD array. In order to have a better insight of the plume 
dynamics and film deposition processes the images were recorded at various time delays 
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Fig. 3.1. Typical temporal profile of 8 ns (FWHM) pulse of Nd: YAG 
laser (X, = 1 .06 pm) 
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Amplifier 


Fig. 3.2. Experimental setup showing the interaction chamber and 
various diagnostics 
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Table 3.1. 

Various diagnostic techniques used for studying plasma parameters 
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using a pulse generator (PG-200, Princeton Instrument, Inc.) and fixed gain of MCP. MCP 
has an adjustable gain from ~ 1-100 counts/photoelectron. The gain in the intensifier is set 
at 20 counts/photoelectron. The fast (5 ns or larger) gate pulses act as a shutter for the 
camera and hence the name fast photography. The read out time of the system is 50 kHz. 
These photographs are essentially photoelectric images of the plume. The results to follow 
are an average of five observations. The plume front is taken along the outermost axial 
position where the intensity falls to 25 % of the maximum intensity. These images are 
recorded on a personal computer which is interfaced to the controller. Figure 3.3 shows the 
typical experimental set up used for recording the plasma plumes. 

ICCD Detector 

Figure 3.4 gives a schematic sketch of the ICCD detector, showing various parts. 
The detector comprises of the following sections. The front enclosure contains the image 
intensifier and the CCD. The CCD is seated on a cold finger that in turn is seated on a 
thermoelectric cooler, driven by closed loop proportional control circuitry. The back 
enclosure contains the heat removal block where coolant is circulated. The electronics 
enclosure contains the preamplifier, the diode array driver, and the HV power supply. This 
keeps all signal, leads to the preamplifier as short as possible, and also provides complete 
RF shielding. Two swagelock connectors are used for circulating the coolant. Water is used 
as a coolant. ICCD are cooled by a Peltier effect thermoelectric cooler. A thermal sensing 
diode attached to the cooling block of the detector monitors its temperature. Heat generated 
at the exhaust plate of the cooler is conducted to the enclosure of the detector where it is 
carried away by water. ICCD is maintained at ^ -35‘’C. The Detector is continuously 
flushed with dry nitrogen in order to avoid condensation. A pair of copper and brass fittings 
are connected to the two threaded coolant ports on the sides of the detector. Either of the 
ports can be used as the inlet for coolant. 

ICCD detector uses an image intensifier both to gate light on and off (act as a 
shutter) and to increase the brightness of the image. The image intensifier detects and 
amplifies the light and CCD is used for readout. The coupling between the CCD and the 
intensifier is through fibre. A sensitive coupling arrangement combined with the high gain 
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Fig. 3.3. Typical experimental set up used for recording laser-ablated 
plumes using ICCD 
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Fig. 3.4, Schematic sketch showing various parts of the ICCD detector 
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of the image intensifier and the low readout noise of the CCD array results in a detector 
capable of responding to a single photoelectron. 

The MCP of the intensifier consists of more than 10® individual miniature electron 
multipliers with a precise input to output spatial geometric accuracy. Intensifier gain is 
varied by adjusting the voltage across the MCP i.e., the voltage across the MCP output and 
the phosphor. The second parameter is factory adjusted as it affects the gain and the 
resolution of the intensifier. The proximity-focussed MCP image intensifier is optically 
coupled to the diode array or CCD with an optical fibre coupled window, hi CW mode of 
operation the photocathode potential is held approximately 200 volts negative than the 
potential of the MCP input. In the gated mode it is approximately 20-40 volts more positive 
and therefore the photoelectron image or spectrum cannot reach the MCP. At an exact 
predetermined time (from triggering onset), the pulse generator produces a negative pulse 
of approximately 200 volts amplitude. This pulse when applied to the photocathode renders 
it (for the duration of the pulse) more negative than the MCP and therefore the 
“photoelectron image or spectmm” is transmitted to the MCP and intensified. The MCP 
intensified “electron image or spectrum” is accelerated and focused (proximity focusing) 
onto the phosphor where it is converted to a “photon image or spectrum” with a further 
optical gain. This “photon image or spectrum” is transmitted to the individual pixels 
through the phosphor and the CCD optical fibre coupler. There it is detected, stored and 
then read out. CCD can be considered as a two-dimensional grid of individual photodiodes, 
called pixels each connected to its own charge storage ‘well’. Each pixel senses the 
intensity of the light falling on its collection area and stores a proportional amount of 
charge in its associated ‘well’. The imaging field of view of ICCD detector is shown in 
figure 3.5. A 50-mm Nikon telephoto lens attached at the detector front is used to image the 
plasma. Once enough charge accumulates the pixels are read out serially. CCD arrays 
perform three functions viz. transducing photons to electrons, integration and storage and 
finally read out. CCD’s are very compact, rugged, and unintensified. They are easily cooled 
and can be precisely thermostated to within a few tens of millidegrees. The software allows 
to set the length of time the detector is allowed to integrate the incoming light, the 
exposure. During each scan the shutter or intensifier is enabled for the duration of the 
exposure period allowing the pixels to register light. 
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1. Object 

2. Lens 

3. Image intensifier 

D = distance between die object and the image intensifier (the image intensifier is 46.5 mm 
behind the front ecigie of the lens adapter) 

B * 46,5 mm 

F =■ ftjcal length of lens 

S =■ horizontal or vertical dimension of CCD 

0 =• horizontal or vertical field of view covered at a distance D 

M = magnification 

Thefiddofvicwis: 


O = where M 


FD 

(D - B)’ 


Fig. 3.5. Schematic sketch showing the field of view of ICCD detector 
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Controller (ST-130) 

As the name indicates, it controls the operations of the ICCD. The controller acts as 
an interface between the imaging and recording of the data. Firstly, the ICCD is to be 
guided to open the shutter and image the luminous object and secondly, before each image 
from the CCD detector appears on the computer screen, it is to be read, digitized and 
transferred to the computer. The algorithm of the process from imaging to recording is 
depicted in figure 3.6. The recorded images are then analyzed using software. 

Pulse Generator (PG-200) 

The PG-200 programmable gate pulse generator combines the function of a high 
voltage gate pulse generator and a sophisticated timing source/delay generator. It is 
primarily intended to provide high speed gating of proximity-focused MCP image 
mtensifiers. The PG-200 extends pulse timings to the relatively long times, continuously 
variable pulse widths above 3 ns, simultaneous gating of two detectors, automatic sweeping 
of gate pulse delays and other automation and communication capabilities. It is interfaced 
to the ICCD series detector equipped with internal 1 MG terminator. 

Plasma plume expansion was recorded using the overall visible emission from the 
plume with a gated. Intensified CCD camera system. The laser is the master, directly 
controlling the pulser which in turn controls the controller. The controller is operated in 
external synchronous mode and the pulser Trigger out is connected to the external 
synchronous input at the rear panel of the controller. As is already discussed the MCP 
prevents photoelectrons from the photo emissive detector surface from reaching CCD array 
until a gate voltage pulse is applied. Fast g^ pulses (acting as shutter for the camera) were 
supplied at variable times w. r. t. the firing of the laser. Initial set up of gate width of 5 ns 
and a delay of 20 ns implies that the ICCD will open the shutter 20 ns after the laser pulse 
and will collect all the photons which will fall on the intensifier for 5 ns. Gradually gate 
width was increased with increasing delay times and the plume intensity was recorded at 
various times. The flow- chart and the timing mode for our experiment are shown in figure 
3.7 (a) and (b) respectively. An important parameter for best image is the exposure or the 
gate width chosen for imaging i.e. this is the time for which the CCD is 


3. Experimental Techniques 


50 



Computer 


Fig 3.6. Flow chart of the process from imaging to recording by an 
ICCD 
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exposed to the radiation. Over exposure results in loss of details in the bright regions of 
interest while under exposure misses the fainter regions. 

Using the ICCD system, the front edge of the laser-ablated plume as a function of 
time was measured. The absolute velocities and hence the stopping distance of the plume is 
estimated [85,95,136]. The displacement of the front with time is used to compare 
theoretical results with the hydrodynamical model [136]. 

OPTICAL EMISSION SPECTROSCOPY 

Diagnosing laser-ablated plasmas using emission spectroscopy is a well established 
technique [217] and has widely been used as a diagnostic tool during the deposition of thin 
films by laser ablation [218]. Investigation of the optical emission of the plasma plume 
gives information about the spatial and temporal evolution of the species of a LAP. 

Laser beam from Nd:YAG laser was focused using a lens of focal length of 50 cm, 
onto a solid aluminum target in an ambient atmosphere or in vacuum and the plasma 
radiation emitted was imaged onto the entrance slit of the Monochromator (Jobin Yvon, 
HRS-2) with a lens of focal length 16 cm so as to have one to one correspondence with the 
plasma and its image onto the slit of the monochromator. The monochromator was 
continuously tuned using a microprocessor controlled scan system. The output from the 
monochromator was detected with a photo multiplier tube (Hamamatsu, IP28) and recorded 
on a strip chart recorder or displayed on the screen of the storage oscilloscope (Iwatsu, TS- 
8123) interfaced with PC. Figure 3.8 shows a typical A1 spectrum in presence of oxygen at 
a pressure of 100 mTorr at a laser irradiance of 2.4 x 10’° W/cm^ at 2 mm from target 
surface. The recorded optical emission is used to investigate the spatial evolution of the 
density and temperature of the laser-ablated aluminum plume. 

Electron Temperature 

Various methods of calculating electron temperature using spectroscopic 
observations are described in the literature [24,219,220]. We have used the relative 
intensities of the spectral lines from a given ionization state for estimating electron 
temperature. Assuming plasma in LTE, the electron temperature can be estimated using 
[216], 
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Fig. 3.8 Emission spectmm of the aluminum plasma in oxygen ambient at 100 
mTorr at 2.4 x 10'° W/cm^ of 1.06 pm laser radiation; 

(a) 250 - 450 nm 

(b) 450 - 800 nm 

The prominent transitions are marked 
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where E^^ and E' are the excitation energies of the lower and upper levels, respectively. 
and Is'^ are the intensities, and are the statistical weights, and p! are the transition 
probabilities and "k!' and are the wavelengths of various transitions, ks and Te represent 
the Boltzmann constant and electron temperature, respectively. The slope of the curve (0 - 
E") against [In (Is''^ k!' g^ Is^ k! P!')] gives electron temperature. The various 
parameters appearing in eqn. (3.1) are available in the literature [219,220]. The measured 
electron temperature of A1 in species in our work lies between 1-2 eV in vacuum, and 5-13 
eV in oxygen background at a pressure of 100 mTorr at same fluences. Figure 3.9 shows 
the variation of electron temperature with incident laser energy in oxygen ambient at a 
distance of 2 mm from the target surface. 


Electron Density 

The Stark broadened profile of a transition for which the Stark-broadening 
parameters are available in the literature, can provide electron density of the plasma 
[220,221]. Stark-broadening arises due to the coulomb interaction of the emitted species 
with both the electrons and ions expanding in the plume. Observed lines were fitted to 
Lorentzian profile with tme half width given by. 


^^trae ~ ^^observed ‘ ^instrument 


(3.2) 


where AX of a tine (FWHM) is given by 


AX = 2W 


x(i-1.2Nb''’)wI 
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Fig. 3.9. Variation of electron temperature with incident laser energy in 
oxygen atmosphere at 100 mTorr 
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First tenn in the eqn. (3.3) gives contribution from electron broadening and second term is 
the ion broadening correction; W is the electron impact parameter which can be 
interpolated at different temperatures and Ai is the ion broadening parameter. Both W and 
A, are weak functions of temperature, n* is electron density and No is the number of 
particles in Debye sphere given by 


N 


D 


1.72x10^ 


[Te(eV)]^^^ 


(cm‘^) 


(3.4) 


Eqn. (3.4) is valid only if No > 1 and 0.05 < A, (ne /lO**^ < 0.5. Using our measured 

temperature of 6.0 eV (in oxygen ambient at a pressure of 100 mTorr and laser irradiance of 
2.35 X 10’° W/cm^) and density of lO'^ /cm^, we get the number of electrons in the Debye 
sphere equal to 80 and the parameter A,(nc /lO*^ )’^'* equals to 0.051. Accordingly the 
second term in eqn. (3.3) can be neglected. Considering only the electron impact 
broadening, eqn. (3.3) simplifies to 


f Ne) 

AA, = 2W — nr 

vio j 


0 

(A ) 


(3.5) 


Figure 3.10 shows a typical stark broadened profile of Al 11 (4p 'P"-4d ’D) transition 
at 559.3 nm in vacuum. Figure 3.1 1 shows the variation of electron density with distance in 
oxygen ambient. It is observed that for both the vacuum and oxygen ambient, electron 
density increases with the increase in fluence and saturates at higher irradiances. The 
increase in electron density is due to coupling of larger energy to the target and the plasma 
resulting in the larger vaporization at the target and ionization in the plasma, respectively. 
The electron density decreases with increase in distance from the target. In our experiment 
Oc lies between - lO'^ cm‘^. 


Local Thermal Equilibrium 

In Local Thermodynamic Equilibrium (LTE), it is assumed that collisional events, in 
particular the events involving electrons, determine the behavior of the system. These 
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Fig. 3.10. Typical stark broadened profile of A1 II (4p ‘P° -4d 'D) 
transition at 559.3 nm in vacuum 
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Fig. 3.11. Variation of electron density with distance in oxygen atmosphere 
at 100 mTorr and laser irradiance of 2.4 x 10’° W/cm^ 
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collisioos are assumed to be governed by the same laws which hold in thermodynamic 
equilibrium. A necessary (but not sufficient) criterion for LTE to hold is [222] 

ne>1.4xlO‘"Tj'2(AE„„)3 

where Te is the plasma temperature in eV, AEmn is the energy difference between upper and 
lower energy levels (in eV). For a transition at 559.3 nm, AE„„,=2.21 eV, the lowest limit of 
ne is 1.98 X 10*^ /cm^. Our calculated values of ne (~ 10*^ cm'^) are greater by an order of 
magnitude thus implying that LTE approximation for this analysis is valid. The nature and 
characteristics of the laser-ablated plasma strongly depends on the laser irradiance. It is 
observed that the value of plasma parameters usually saturates at higher irradiance, this can 
be attributed to absorption or reflection of laser photons by the dense plasma itself [28]. 
The reflection of the incident beam depends on the plasma frequency Vp, which should be 
lower than laser frequency. For our case with NdiYAG laser (X = 1.06 pm), the laser 
frequency corresponds to vi = 2.828 x 10'“* Hz The plasma frequency is given as cop= 8.9 x 
10 n^ Hz, where ne is the electron density. In our experiment we determined the density 
of plasma species by measuring the Stark broadened profile [85] of A1 II (4p 'P°-4d ’D) 
transition at 559.3 nm. to be ~ 10‘^ cm'*. Thus, the plasma frequency cOp works out to be 
2.82 X 10*^ Hz, which is smaller than the laser frequency. This implies that the energy 
losses from the plasma due to the interaction of the laser beam with plasma is insignificant. 

TIME OF FLIGHT MASS SPECTROMETER (TOFMS) 

A time of flight mass spectrometer is a device in which ions of differing masses are 
given the same energy and are allowed to traverse a field free space. Because of their 
differing velocities, the lightest ions arrive first at the end of the drift space where a 
collector is put. The amplified current signal from the collector is displayed on an 
oscilloscope. In our experiment, ions are produced by bombarding the aluminum target 
with a pulsed laser beam. The ions are accelerated by means of electrostatic fields and are 
injected into the field free drift region. They are detected by the detector, a channel electron 
multiplier (CEM). The output signal amplified by a preamplifier is fed to the storage 
oscilloscope which is interfaced with a personal computer for further analysis. The velocity 
of each ion in the field free path is proportional to the square root of their mass to charge 
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ratio. Thus at the end of the flight tube the ions are separated into bunches corresponding to 
the mass to charge ratio. An ion detector at the end of the drift tube receives ions with 
different masses at different times. The record of the detector signal as a function of time is 
deconvoluted to obtain the mass distribution of ions. The advantages of TOFMS over mass 
spectrometers are: 

1. The large speed at which the complete spectrum can be displayed. 

2. Entire mass spectrum can be recorded for each laser pulse. 

3. The accuracy depends on electronic circuits rather than on extremely accurate 
mechanical alignment. 

4. It has unlimited mass range, defined by the resolution of the instrument. 

The only disadvantage of this device is its limited resolution. 

A schematic of a linear time of flight mass spectrometer designed for our work is 
shown in figure 3.12. The design based on our requirements was optimised using a 
computer program. The fields in the extractor and accelerator regions were modeled with 
an optics program called Simion (The Idaho National Engineering Laboratory). The results 
for the optimum conditions are shown in figure 3. 13. The TOFMS consists of stainless steel 
flight tube E3, 20 cm long and 2.5 cm in diameter. The source region, 2 cm wide, consists 
of pusher electrode Ej and puller electrode E2 well separated with teflon insulators. The 
detector (CEM, Dr. Sjuts Optotechnik, Germany) is mounted at the end of the flight tube. 
The whole TOF assembly is mounted on four 3 mm diameter stainless steel rods which can 
be extended for extending the length of the flight tube. The pusher electrode Ei is internally 
grounded and for optimum operating conditions voltage E4 is applied on the cone of CEM 
with tail grounded through a load resistor. 

TOFMS is attached to the interaction chamber on a port perpendicular to the laser 
beam entrance port, figure 3.2. The output is amplified and is stored on to a personal 
computer. A Typical TOF signal is shown in figure 3.14. The experiment was carried out at 
a pressure better than 10'^ Torr. In order to calculate the emission threshold of the target, 
the laser energy on an A1 target was varied in steps of 1 mJ and the output signal was 
recorded on to the personal computer. It was observed that the first ionic signal appeared at 
a value of 5.89 x lO’ W/cm^, this value of laser irradiance is termed as threshold for 
aluminum. The value matches well with that available in the literature [223]. 
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Fig. 3.12. Schematic design of a linear TOFMS designed for our 
experiment 


Operating condiUons 

Ion mass * 20 amu, Initial energy of ablated ion * 1 eV 
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Fig. 3.13. Optimum parameters for operation of TOFMS 
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Fig. 3.14. Typical time of flight signal as recorded using TOFMS 
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FARADAY CUP 

In order to diagnose the laser-ablated plasmas for the behavior of electrons and ions 
within the plasma a charge collector was designed [224]. A simple approach would be to 
insert some kind of a probe that directly senses the particle flux. Langmuir probe [120,225] 
was the first of its kind used to investigate plasma. But the problem with this type of probe 
is that one could not obtain the information about the ion distribution function when it is 
repelling ions and vice versa. A practical solution to this problem is the use of "gridded 
energy analyzer", in which a system of grids at different potentials is used. This gridded 
analyzer is called "Faraday cup". The behavior of ions and electrons can be studied by 
biasing the grid accurately. The location of a Faraday cup used in our experiment is shown 
in figure 3.2. We have used Faraday cup in time of flight (TOF) mode for our work. 

The three designs of Faraday cup, which evolved as a need for enhancing accuracy are 
shown in figure 3.15. All employ a biased grid for charge separation. The Type I Faraday 
cup utilizes a single grid in front of a flat plate collector. The grid voltage was referenced to 
the vacuum chamber ground and the collector potential allowed to float. This has two 
disadvantages; firstly, there is no reference plane for grid, hence the necessary charge 
separation could not be attained. Secondly, there is no provision for suppressing secondary 
electron emission. In order to overcome these problems. Type II was developed. In this 
design we have two grids and a flat plate collector. The function of the second grid is to 
provide a reference plane for the rejection of ions or electrons. In a two-grid system, the 
charge-separating region is screened from the collecting electrode so that any spurious 
current carried by the unwanted charges do not obscure the desired signal. The Type 11 
Faraday cup has advantage over Type I, but it still had no means to suppress secondary 
emission. Hence Type III was designed with a honeycomb collector. 

A honey comb collector Faraday cup is shown in fig. 3.15 (type III). A flat copper 
plate in type 11 is modified by drilling closely spaced 5 mm diameter holes with depth 15 
mm resulting in depth to diameter ratio of about 3.33. Each small hole resembles a "deep 
cup". A large number of secondaries generated within the holes are recaptured. This drilled 
copper plate is inserted inside a hollow nylon cylinder. The plate can be moved to and fro 
inside the cylinder, if necessary, with the help of slot provided on the back of the plate. 
Then follows the two-grid arrangement as shown, the first grid is grounded along with the 
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Type I 



Type II 



C = Collector 
G = Grid 

RG = reference grid 
CG = Control grid 


Fig. 3. 15. Schematic sketch of different designs of Faraday cup 
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apparatus and the second is given a floating voltage. In order to measure the electron 
current, a positive voltage is applied to the middle grid and vice versa for ions. The distance 
between the grids is maintained by nylon spacers. A provision is made in the nylon cylinder 
for feeding a copper wire which can be soldered on to the middle grid so that voltage can be 
applied to it. The distance between the front end of the honeycomb collector and the middle 
grid can be varied between 2.5 mm to 10 mm. Another copper wire is soldered on to the 
back of the honeycomb plate so that the current signal from the cup can be measured. The 
whole assembly is fitted in a hollow brass cylinder with nylon lining, which acts as an 
insulator. The brass cylinder is of length 60 mm and of diameter 30 mm and wall thickness 
of 2 mm. In front of the Faraday cup, a brass cap is attached for protection. A 1 mm 
diameter hole drilled on the front end of this push cap acts as an entrance for charges to 
Faraday cup. In order to spatially move the charge collector, a hollow brass rod is brazed on 
the rear end of the charge collector (CC). The inner and outer diameters of the brass rod are 
10 mm and 13 mm respectively. Wiring is done in such a manner that the wires coming 
from inside of the CC pass through the length of the rod and are soldered on to BNC’s at the 
end. The CC was mounted on a Wilson seal to one of the ports of the interaction chamber. 

The Faraday cup was used in time of flight mode to measure the time of flight 
spectra of ions and electrons. A cylindrical aluminum rod is used as a target. The assembly 
was mounted on a port at an angle of 45° with respect to the laser beam. The interaction 
chamber was evacuated to a pressure better than 10’^ Torr using a rotatory pump. As the 
laser is focussed on to the target in a single shot operation, laser-ablated plasma evolves and 
enters into the charge collector. The polarity and the potential on the grid decides the type 
of charge (electron or ion) it would allow to reach the honey comb collector. The signal is 
fed to a storage oscilloscope which is interfaced with a personal computer. The time of 
flight data was used to estimate the average velocity and hence the kinetic energy of ions 
and electrons. The area under the signal curve gives the yield. Experiment was carried out 
at various distances between the collector and the target. The potential at the middle grid, 
collector were varied at various distances and the laser energy. The voltage at grid and the 
collector was varied in order to optimize the Faraday cup for detecting the ions. The 
collector bias voltage was optimized so that only ion signal was seen even at zero grid bias. 
The optimum collector bias voltage was - 40 V. A typical Vg-I, (grid voltage-collector 
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current) characteristic curve is shown in figure 3.16. Once the potential at the charge 
collector was optimized, the middle grid was given a negative potential which was varied 
from 0 to -140 V in steps of 20 V, to record the effect of grid potential on ions. 

It is observed that the intensity of ion increases with increase in collector bias 
voltage. The enhancement in intensity is because of suppression of electrons due to high 
potential bamer at the collector. The collector signal increases with the negative grid bias 
as shown in figure 3.17. With the increase in negative grid bias a large fraction of negative 
ions is blocked by grid and hence there is an increase in total number of positive ions 
reaching the collector resulting in increase of total ionic yield. The observed increase in 
intensity of the signal with the incident laser intensity is attributed to increase in ionization 
in the plume due to absorption of the laser photons. The yield decreases with the increase in 
distance of collector from the plasma. 

In order to study the behavior of fast moving electrons, the Faraday cup was used 
with collector at ground potential and the ion electron separation was done only by the grid 
bias. Figure 3.18, shows a temporal profile of the plasma. It essentially gives the velocity 
distribution of the ions and electrons in the plume. The initial dip in the figure corresponds 
to fast electrons emitted from the plasma. The positive peak in the figure corresponds to the 
ion current. This peak is observed to increase with increase in energy (as more and more of 
plasma is ionized), while it decreases with the increase in distance (less electrons reach the 
detector) from the target. The second dip occurring at around 3 |is may be due to the slow 
electrons reaching at the collector. This peak correspond to electrons from double 
vaporization of the target. To understand this peculiar phenomenon we consider the basic 
process of plasma formation by laser ablation. For a long pulse (nsec) irradiation of a solid 
target, a part of the laser pulse removes a small amount of material from the surface which 
is further heated by absorption of the incoming laser radiation. The absorbing plasma 
prevents the light from reaching the target surface. The surface is effectively cut off from 
the incoming radiation for a large fraction of the laser pulse. Near the end of the laser pulse 
the blowoff material becomes so hot that it begins to reradiate. In addition, there may be 
ablation caused by the direct collisional interaction between the highly energetic plasma 
constituents and the material of the solid target. Some of this radiation may reach the target 
surface causing further vaporization and hence electrons. Thus there is a double emission of 
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Fig. 3.16 The collector current as a function of control grid potential 
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electrons during a single laser pulse. The double vaporization of the material from the 
target surface results in the stratification of the plasma and has been confirmed by Thareja 
et al [95] using Integrated Charge Couple Device (ICCD) camera system. Keeping the 
collector at 5 cm with a fixed grid bias the electron and ion currents were recorded by 
varying the laser energy on the target. Increasing laser energy enhanced the process of 
ionization in the plume and hence the intensity of both electrons and ions is seen to increase 
and their peak arrival time decrease. The increase of negative grid bias resulted in increase 
of the ion peak, however, it reduced the intensity and the arrival time of electron peak. The 
increase in the negative bias essentially implies repelling of slower electrons, the higher 
velocity electrons may still manage to cross the potential barrier of grid and reach at the 
collector surface. The retrenchment of the slow velocity electrons results in the distribution 
peak to shift towards lower time scale and decrease in intensity. 


Most Probable Velocity and Kinetic Energy 

Time of flight (TOP) measurement provides an excellent technique to determine the 
velocity distribution of the species in a plasma. We have used both TOFMS and Faraday 
cup to measure the velocity and hence kinetic energy of ions. Figure 3.19, shows a typical 
time of flight data obtained from a Faraday cup collector at 10 cm from the target at a laser 
energy of 200 mJ/pulse. The intensity on the TOF trace corresponds to the number of 
particles arriving at a particular time. The peak of the TOF curve corresponds to the most 
probable time. Knowing the distance between the target and collector (d) and the most 
probable time (tp), one can calculate the most probable velocity and kinetic energy, 


most probable velocity, Vp = 




1 


and therefore, most probavle kinetic energy K.Ep = - m| 






where m is mass of aluminum atom. Laser ablation from a solid surface produces a strong 
forward peaked distribution along the normal to the target surface [226]. Due to the 
collisions among the ablated species in the first stage of evaporation, the ablation process 
behaves like a nozzle source, relative to the plume expansion in vacuum, imparting a large 
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Fig. 3.19 Typical time of flight curve obtained from a Faraday cup at 10 
cm from the target at laser irradiation of 4.8 x 10*° W/cm^ 
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center of mass motion to the generated ions. The equation of their motion can be obtained 
by modifying the classical Maxwell-Boltzmann distribution given by 


S(t)dtdn = Ct exp 
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S' 


IkgT 


dtdn 


(3.6) 


where S(t) is signal intensity at a distance d from the target and at a time t after the laser 
pulse hits the target. C is a dimensional normalization factor, T the temperature at 
equilibrium. 

The experimental data from Faraday cup were fitted using a least square fitting on 
to a shifted Maxwell-Boltzmann distribution given by 


S(t) = Ct“‘* exp 
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and is shown in figure 3.19. The variation of most probable kinetic energy with fluence is 
shown in figure 3.20. The typical velocity of ions is observed to be 10*^ cm/sec. 


Ionic Yield 

As mentioned earlier, TOF gives the number of particles reaching the detector at a 
particular time. The total number of ions reaching at the collector surface for the laser pulse 
period is obtained by integrating TOF spectra with respect to time. 


|s(t)dt =\Ct-* exp 
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where the symbols have the same meaning as before. The dependence of ionic yield on 
laser fluence and distance from the target is shown in figure 3.21. 
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It is worthwhile to mention here that the TOFMS is used perpendicular to the target, 
whereas Faraday cup is used at 45° to the incident beam. Hence, a correlation between the 
two diagnostics cannot be made with accuracy. 

DEPOSITION AND CHARACTERIZATION OF THIN ALUMINUM OXIDE AND 
NITRIDE FILMS 

A schematic of the experimental setup used for thin aluminum oxide and nitride 
film deposition is shown in figure 3.22. The focused spot at the target was 260 jxm. The 
ablated aluminum was deposited on silicon substrates (010) placed at various distances 
from and parallel to the target surface in oxygen and nitrogen ambient at various gas 
pressures ranging from 10’^ to 100 Torr. The deposition time of 10 minutes for oxide films 
and 30 min for nitride films was kept constant. 

Various techniques used for characterization of the thin films are listed in Table 1.1 
(Chapter I). We have used Scanning Electron Microscopy (SEM), Energy Dispersive X- 
rays (EDX), X-Ray Diffraction (XRD), Raman spectroscopy and Rutherford Back 
Scattering (RBS) to characterize the deposited films. 

Scanning Electron Microscopy 

Scanning electron microscopy is one of the most widely used techniques for 
studying the structure and surface morphology of the deposited films. We used Scanning 
Electron Microscope (JEOL, JSM 840A) to investigate the morphology of the deposited 
films. The system has a resolution of 50 A°. The characteristics x-rays produced when the 
incident electrons interact with the specimen can be used for microanalysis or elemental 
mapping. The x-rays generated in the analytical electron microscope are detected and stored 
by the Energy Dispersive Spectrometer (EDS); and are collected by a solid-state detector 
and sorted by a multi-channel analyzer, which is a part of the modem EDS computer 
system. The surface morphology of the deposited films showed a strong dependence on the 
target substrate distance. 
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Fig. 3.22. Experimental setup used for deposition of thin films 
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X-ray Diffraction 

To get the structural information, XRD patterns of the deposited films were 
obtained using an X-ray diffractrometer (Rich-Seifert, JSO-debyeflex 2002) with Cu-Ka 
source. The diffraction pattern gives the maxima in the intensity of the scattered x-rays. The 
position of the maxima provides information about the size and the shape of the unit cell 
while the width of the maxima can be used to measure its structural properties such as the 
size, orientation and strain of grains in polycrystalline materials. 

Raman Spectroscopy 

Raman spectroscopy has emerged as a very important technique in the 
characterization of thin films due to its ability to distinguish different bonding types, 
domain size and its sensitivity to internal stresses. The intensity of the Raman peaks is 
directly proportional to the concentration of the scattering species which provides a basis 
for quantitative analysis. We used linearly polarized 514.5 nm (Argon ion laser. Spectra 
Physics) laser radiation as the excitation source. The estimated laser power at the sample 
was 20 mW, focused to a 30 pm spot. A Spex-1877D Triplemate coupled with a photon 
counting system (with PMT and CCD) was used to record the spectra. The spectra are 
reproducible to within ±2cm’‘ with a resolution of 2 cm"'. The recorded micro-Raman 
spectra for the aluminum films deposited in oxygen and nitrogen ambient showed the 
presence of aluminum oxide and aluminum nitride. 

Rutherford Backscattering Spectrometry 

Rutherford Backscattering Spectrometry [227] is a well-established technique for 
determining the composition at the interface of two layers, identifying the mass of the 
impurity and the host atoms and thickness of the film etc. RBS is well suited for 
characterization of thin films or near surface region of bulk samples specially when the 
sample contains atoms of heavier species. In general, H , He etc. ions in the energy range 
of 0.5 to 3.0 MeV are used for RBS. The well-collimated ion beam of size 1 mm^ is made 
to impinge on the surface of the sample at an angle to the surface normal. The backscattered 
particles are detected using a semiconductor detector (EG&G ORTEC, USA) subtending a 
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small solid angle. The frequency of occurrence of the scattering as a function of energy of 
the backscattered particles, known as ‘spectrum’ is recorded by multi channel analyzer. 
Laser-ablated aluminum plasma was deposited on to a substrate as thin films and these 
films were investigated by RBS using 1.23 MeV He* beam obtained from 2 MeV Van de 
Graaf accelerator facility at IIT Kanpur. Experiments were performed in a clean vacuum of 
1.5 X 10^ Torr. The RBS spectrum was analyzed using the RUMP [228] simulation 
package. In simulation, firstly, a theoretical sample stracture consisting of several layers of 
varying thickness is prepared. A backscattering spectmm is then constructed using this 
sample structure and the experimental parameters. This theoretical profile is then compared 
with that of the experimentally obtained RBS spectmm. The procedure is utilized in an 
iterative manner to arrive at a best set of parameters (sample stmcture) using which the 
given sample spectmm compares quite well with the experimental spectmm. The films with 
substrate at 2.0 cm were analyzed and were found to have correct stoichiometry for 
aluminum oxide, while for other films the stoichiometry was less. The thickness of the 
films was also calculated from the experimental data. 




Chapter IV 


DIAGNOSTICS OF LASER-ABLATED PLASMAS USING 

FAST PHOTOGRAPHY 

To understand the process of laser ablation it requires an understanding of the 
various processes involved during the laser-target interaction, evaporation, plasma 
formation and its subsequent expansion in the ambient atmosphere. The ablation of the 
material depends upon laser characteristics such as the laser fluence, laser spot size, laser 
wavelength etc.. In the presence of an ambient atmosphere the hot vapor plasma interacts 
with the surrounding atmosphere in two ways. Firstly, the expansion of the high-pressure 
vapor drives a shock wave into the atmosphere, and secondly energy is transferred to the 
ambient atmosphere by thermal conduction, radiative transfer and heating by the shock 
wave. The nature of interaction is governed by the density, relative velocity, temperature, 
ion composition etc. of the plasma and background gas. 

An important aspect of laser produced plasmas is the characteristic luminous plume. 
The spatial, temporal and spectroscopic dependence of the visible plume are a consequence 
of, and provide insight into, the processes of plume expansion in addition to laser-target, 
laser-plume, plume-ambient and plume-substrate interaction. Thus photography has 
emerged as one of the important diagnostic tools to study various features of expanding 
plasma. Fast photography using gated intensified ICCD has recently become very popular 
for laser-ablated plasma plume studies both in vacuum and gaseous background 
[82,84,85,92,95,99,100,102,105,107,111,112,115, 116, 136, 143, 176, 229-243] because of 
its high sensitivity. A very high sensitivity permits imaging of very fast emissions, not 
possible with ordinary photography. We report the study of the expansion dynamics of the 
laser-ablated aluminum plasma plume in different ambient gas environment and at different 
pressures using ICCD detector system. Time integrated, two-dimensional images of laser- 
ablated plasma plume are recorded with an ICCD system and are used to study spatial and 
temporal evolution of the expanding plasma. 
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EXPERIMENTAL SET UP 

The experimental setup is discussed in Chapter HI, figure 3.3. A Q-switched 
Nd:YAG laser (Spectra Physics DCR 4G) pulse (X = 1.06 pm, 8 ns pulse width FWHM) 
delivering energy upto 1 J is focused by a spherical lens on to an aluminum target. The 
focal spot on the target was 260 pm. The target is mounted in a vacuum chamber which can 
be evacuated to a pressure better than 10"* Torr. Target was continuously translated and 
rotated in order to avoid crater formation. Side on views of laser-ablated plume expansion 
of the overall visible emission from the plasma plume was recorded with an ICCD camera 
system (Princeton Instruments Inc., 576G/2). Experiments were carried out in different 
background gases (He,, N 2 . Air, O 2 , Ar) and at different pressures (10’^ - 100 Torr) from the 
target. The laser energies used in the experiment are 0.1-1 J/pulse 

RESULTS AND DISCUSSION 

The propagation of the laser-ablated plume in gaseous ambient is a complex 
hydrodynamic problem. Several authors have investigated the motion of plume in different 
ambient gases and at different pressures. To investigate and understand the behavior of the 
expanding plasma expansion process, the evaporation of the target material, formation of 
high-temperature plasma and the subsequent expansion in ambient gas is considered in 
detail. 

Using gas dynamics equations, models have been proposed which describe temporal 
and spatial dependence of the plasma density, temperature and angular velocity distribution 
of the ejected particles. These models are tailored to give movement of the plume in the 
two lateral directions X, Y and in the direction Z normal to the target surface. In order to 
simulate the laser-ablated plume, we start with the discussion given in Chapter II. In the 
following relevant part is reproduced. The laser-interaction with target can be classified in 
four regions: (i) unaffected bulk target, (ii) evaporating target surface, (iii) region close to 
the surface absorbing the laser beam and (iv) rapidly expanding outer edge of the plume, 
transparent to the laser beam and were discussed in detail in Chapter n. Figure 2.2 shows 
different phases present during laser irradiation of target. The second and the third regimes 
start with the laser pulse and continue till the laser pulse duration. While the fourth regime 
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starts after the termination of the laser pulse. In this regime, no particles are evaporated or 
injected into the inner edge of the plasma. The thermal energy rapidly gets converted into 
kinetic energy and hence the plasma attains very high expansion velocities. The expansion 
can be considered as adiabatic. On the basis of the above assumptions Singh et al [ 1 9] have 
reported a flow model for the formation of high temperature and high-pressure gaseous 
plume in the vicinity of the target surface. It is assumed that the initial expansion is 
unaffected by the presence of ambient gas. The effect of gas is significant after a certain 
time when the collision between the ambient gas and the plasma constituents is appreciable. 
We have used the equations of continuity and motion to transform the expansion for time 
dependent density, pressure and velocity that gives the dynamics of the plume’s maximum 
density boundary (X(t), Y(t), Z(t)) during isothermal expansion (Chapter II) 


X(t) 


'idX d^x' 

II 

'idY d^Y' 

= z(t) 

’l dZ d^z' 




t dt dt^ 


t dt dt^ 


_t dt dt^ 


2.11 


t<TL 


where t is the laser pulse width and Ti is the isothermal temperature of the plume. The 
initial dimensions are of the order of 260 pm in transverse direction depending upon 
focused spot whereas in the longitudinal direction it is less than 1 pm. 

After the termination of the laser pulse the plasma expansion is assumed to be 
adiabatic. Thus equating the plume’s internal energy to the total isothermal energy in 
plume’s volume at the end of the laser pulse, we arrive at (Chapter II), 


X(t) 


d"X 

dt^ 


= Y(t) 


dt^ 


= Z(t) 


d^Z 

dt^ 


.ksT, 
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XqYoZq 

X(t)Y(t)z(t)J 


|Ti-l 


t > t, 


2.17 


where Xo, Yo. Zq are solutions for the plasma boundary at the end of the isothermal region. 
The equations are solved numerically using Runge-Kutta iteration technique. For the initial 
expansion (i.e., in the isothermal region) the spot size of the laser beam on the target (260 
pm in our case) is taken to be the boundary condition. The simulated velocities and 
dimensions of isothermal regime are taken to be the initial boundary conditions for 
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adiabatic region. From these simulations one can evaluate the dimensions of the plume at 
various time steps. We considered the evolution of Al-plume boundary at 50, 100, 200 and 
500 ns in presence of ambient gases. The result of simulation is shown in figure 4.1. For 
times < 1 ns (figure 4.1 inset) the expansion is more in the X and Y direction, while it is 
less in Z-direction. As the time progresses the expansion in Z-direction increases and after 
some time (few ns after the termination of laser pulse) the expansion in Z-direction is much 
larger than the expansion in X and Y-directions. Side on view of the expanding plume is 
imaged using ICCD camera system. The position of the plume front is located by 
comparing the observed plume front with the theoretical simulated front. It is found to be in 
good correlation as shown in figure 4.2. Figure 4.2 shows an ICCD image taken at 100 ns 
delay with respect to laser pulse and a simulated plume front. Figure 4.3 shows the 
intensity contour corresponding to ICCD image of figure 4.2 and it shows the variation of 
intensity as the plume progresses. Figure 4.4 shows the variation of plume’s front edge with 
time at 10 mTorr pressure of He, Ar, Air and O 2 at laser energy of 900 mJ/pulse. From the 
slope of the curve at different time one can determine the velocity of the expanding front. 

An interesting feature of the above model is the predicted greater extent of the 
plume expansion in the direction where the laser spot size is the least (along Z-axis in our 
case). Similar behavior is observed for a non symmetrical focus spot giving larger velocity 
in the direction where the spot is smaller at the beginning [19]. Thus, if the dimension of 
the focus spot are in the order Xo > Yo > Z^o in beginning then the order of displacement of 
the plume with respect to time will be in the order Xo < Yo < Figure 4.5 shows the plot 
of displacement of plasma front along Z- and X-axes respectively with time. It is observed 
that the displacement of the front is more in Z-axis as compared to X/2 (= Y/2, for circular 
spot) axis. This gives rise to the characteristic balloon shaped (elliptical) plume elongation 
outward from the surface. However, depending on the pressure of an ambient gas the shape 
of the plume can be spherical, figure 4.6. Similar behavior is observed for all the ambient 
gases used at various ambient gas pressures and at various delay times with respect to the 
irradiating laser pulse. Based on the displacement time plots the expanding plasma can be 
divided into three regions, (1) the region near the target where the ejected particles move 
with supersonic velocities unaffected by the ambient atmosphere or free flight zone (to the 
extent of Knudsen layer), (2) the region in which these particles slow down and start 
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Fig. 4.1. Computer simulated Al-plume front along Z-axis for time delays of 
50, 100, 200 and 500 ns. Inset is the computer simulated plume 
shape for time delay of 1 ns, T is the position of the target 
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Fig.4.2. Comparison of computer simulated plume front (□) and ICCD 
image recorded at time delay of 100 ns for laser-ablated Al-plume 
at a pressure of 100 mTorr of air 
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Fflk4.3. Intensity contour corresponding to fig. 4.2 
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Fig. 4.4. Variation of plume front position R of aluminum plasma with 
time t at 10 mTorr of ambient pressure of He, Ar, Air and O 2 at 
laser irradiation of 2.16 x 10*’ W/cm^ 
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Fig. 4.5 Displacement-time plot for expanding plasma front along Z and X- 
axis in ambient atmosphere of oxygen at a laser irradiance of 2.4 x 
10‘°W/cm^ 
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Fig. 4.6. Comparison of the shape of plume in vacuum and in argon 
atmosphere 50 ns after the ablating pulse at 100 mTorr 
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moving with increasing linear velocity and are affected by the background pressure and the 

nature of the gas (vaporized region) and (3) the region in which the ejected particles stop 
moving. 

In order to get good quality films on the substrate, it is imperative to understand the 
evolution of the ablated plume. To investigate the expanding plume, we imaged the 
expanding aluminum plasma at various time delays with respect to the ablating pulse 
(figure 4.7 (a) in helium ambient & (b) in argon ambient) using ICCD, at various 
irradiances, in different ambient atmosphere (He, Ar, O and air) at various pressures. The 
displacement of the luminous front with respect to target initially increases with time and 
then becomes more or less constant at larger distance. A similar behavior was observed for 
all pressures and ambient atmosphere. The velocity of the plume front can be estimated 
from displacement of plume front (R) and time plot, figure 4.4. Figure 4.8 shows the 
variation of velocity with time of aluminum plume front at 10 mTorr pressure of He, Ar, O 2 
and air. The velocity of the expanding front in various ambient environments (for He, Air, 
O 2 and Ar at 10 mTorr at 100 mJ of laser energy) is estimated to be 7.29 x 10^ cm/sec, 6.84 
X 10^ cm/sec, 6.75 x 10® cm/sec and 6.21 x 10® cm/sec, respectively. It is observed that the 
velocity (dR/dt) of the plume front (figure 4.8) is maximum for expansion in helium and 
minimum for Argon background gas. This is attributed to greater degree of freedom per 
unit mass of helium than any other gas used in the experiment and hence the collisional 
volume of helium is less as compared to that of other gases. Thus, emitted species travel 
larger distances in helium atmosphere followed by air, oxygen and least for argon. The 
velocity of the expanding front is estimated to be 6.75 x 10®, 5.53 x 10®, 4.86 x 10® and 4.05 
X 10® cm/sec for 10 mTorr, 100 mTorr, 10 Torr and 100 Torr respectively of ambient 
pressure of oxygen and 100 mJ of laser energy. The velocity of the expanding front 
decreases with increase in ambient gas pressure. This is attributed to the drag force, and 
will be discussed later. The measured velocity is used to calculate the vapor density, 
temperature and pressure using the hydrodynamic relations of adiabatic shock expansion. 

Assuming that vapor pressure far exceeds the ambient pressure, which is true in our 
case, the maximum velocity attainable is given [244] by Vmax- 

V^=2ao/(Yrl) 


(4.1) 
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Fig. 4.7 (a) Typical ICCD photographs of laser-ablated aluminum plume in oxygen 
ambient at 100 mTorr at laser irradiance of 2.4 x 10‘° W/cm^ 
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Fig. 4.7 (b) Typical ICCD photographs of laser-ablated aluminum plume in argon 
ambient at 100 mTorr at laser irradiance of 2.4 x 10^° W/cm^ 
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Fig. 4.8, Temporal variation of velocity of a laser ablated Al-plume for various 
ambient environments at a pressure of 10 mTorr and laser irradiance 
of2.16x 10“ W/cm^ 
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where ao is the speed of sound [ao — (yiksTsu/m)'^]. Eqn. (4.1) is used to estimate the 
surface temperature Tsu of the target, here yi is the specific heat ratio of the vapor and m the 
mass of the vapor. The maximum velocity of the front is estimated with respect to 
displacement of the front at earlier times and close to the target. It is found that for an 
ambient pressure of 10'^ Torr and laser irradiance of 1.65 x lO" W cm'\ the velocity of the 
front is maximum (V^ax) for helium (2.78 x 10^ cm/sec), followed by air (2.66 x 10^ 
cm/sec), oxygen (2.31 x 10 cm/sec) and argon (2.29 x 10^ cm/sec). From the values of 
temperature at the surface of the target (~1.18 x 10® K) obtained one finds that these 
temperatures are much greater than the sublimation temperatures (-8500 K) of the metal 
and hence one can infer that no superheating of the surface can occur above the normal 
vaporization temperature. 

As the pressure of the ambient gas is increased the expanding front slows down and 
hence the velocity of the front decreases. On increasing the ambient gas pressure the 
backward pressure on the plasma increases and as a result the velocity of the plasma front 
decreases and hence the vapor pressure. This is evident from our experimental observations 
of decreasing plume expansion with pressure of ambient gas, figure 4.4. Furthermore, the 
gas near the target is compressed by the ablated species leading to the breakdown of the 
continuity of the surrounding gas. The formation of the discontinuity in the gas is called a 
shock wave. The shocked region (discontinuity) at the interface of the vapor and the 
ambient gas weakens the backward pressure applied by the ambient gas. According to blast 
wave model a rapidly expanding plume in a background gas behaves like a piston which 
generates a shock wave in the ambient. The ambient gas is compressed into a thin shell 
between the shock and the plume front. The shock front expands and sweeps the 
background gas. The model holds reasonably well for higher pressures, however, it does 
not explain the observed deceleration of the plume. The deceleration may be accounted for 
by using drag model, the plume experiences a resistive force due to collision with the 
background gas which eventually stops the plume expansion as depicted in figure 4.7. 

Consider the ablation of aluminum in various ambient environments, at different 
laser energies and at various pressures. Knowing the speed of the front at different time 
from R-t plot and using the following mass and momentum conservation equations, one can 
determine pv, Pv and Ty (eqn.'s 2.34, 2.35, 2.36, Chapter II): 
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pi— Po(l+l/ Yi) 

(2.34) 

Pi=2po uf/(l + y,) 

(2.35) 

Ti=Pi/(RgP,) 

(2.36) 


Consider the motion of the plume front along the Z-axis. Figure 4.9 and 4.10 show 
the temporal variation of the displacement (R) of the laser-ablated aluminum plume front 
derived from ICCD images for different pressure of the ambient gas and at various laser 
energies respectively. The displacement of plasma front decreases with increase in pressure 
of the ambient gas showing essentially that the plasma is getting confined to a smaller 
region with the increase of the background pressure from 1 mTorr to 100 Torr at fixed laser 
energy, figure 4.9. The dimensions of the plume increase with the increase in laser energy 
for a given pressure as shown in figure 4.10. It is due to increase in the plume pressure as 
laser energy coupled to the target increases. 

The condition for the formation of shock between the ambient gas and ablated 
species is that the thickness of the shocked region should be greater than the mean free path 
of the ambient gas. Mean free path in undisturbed He, Ar, Air and O 2 are 9.6 x lO'^/Po, 6.01 
X lO'^/Po, 5.36 X lO'^/Po and 5.95 x lO'^/Po cms respectively, here Po is the ambient gas 
pressure in Torr. This shows that for higher pressures the possibility of formation of shock 
is more as compared to that of lower pressures. Also if at all the shock develops for low 
pressures it will be generated far away from the target surface. If we consider our expansion 
to be conical at earlier times with vertex at the focusing point of the laser beam and 
spherical at later times, the shock thickness (A) and shock temperature (Tsh) are given by 
(eqn. 2.21 and 2.22, Chapter II): 


A = 


R 


^ 2y, 




+ 1 


for conical exp ansion 


( 2 . 21 ) 


[ R(Y, -1)/3(y, +1) 


for spherical exp ansion 
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Fig. 4.9. Temporal variation of plume front edge at various pressure of oxygen 
at laser irradiance of 2.16 x 10“ W/cm^ 





Position of plume front (cm) 


4. Diagnostics of Laser-ablated Plasma Using Fast Photography 


94 



y y E = 1 00 mJ 

□ □ E - 300 mJ 

O o E = 900 mJ 


Fig. 4.10. Temporal variation of plume front edge at different laser energy 
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and - T,h= ^L__1 mJ + 1 T„ 

Yi +1l(Yi -^1) J 

(2.22) 

where Ma is the mach number (=Vf/ao), ao is the speed of sound, and is estimated to be 3.17 
for region within 100 ns after ablating pulse. From the values of temperature and density of 
the shocked gas one can estimate the extent of diffusion. Diffusion coefficient and diffusion 

range are defined as (eqn. 2.23 and 2.24, Chapter H) 


D = Do(T/ro)5^Po/psh) 

(2.23) 

Dr = (4Dt)"2, 

(2.24) 


where Dr is the diffusion range, t is the time. Do for He, Ar, Air and O 2 is 1.601, 0.169, 
0.165 and 0.2 cm^ s'' respectively [245]. The diffusion of the gas into the compressed 
region increases with time. It follows from the above arguments that some of the plasma 
material is also transported inside the compressed region and since the temperature of the 
shocked region is high, the particles inside the shock can undergo physical and chemical 
changes. Thus in case of laser-ablated plasma of metals in oxygen it is possible to obtain 
metal oxides. Whereas the laser-ablated plasma of organic compounds [28] results in 
fragment of C-N, C 2 , CH etc. The effect of the ambient gases on these fragments can be 
inferred spectroscopically [105]. 

Knowing the velocity from R-t plot, the thickness of the shocked region was 
estimated. It is observed that the thickness of the shocked region increases with time, as the 
mass of the gas encompassed by the shocked region increases. With increase in ambient 
pressure the thickness of the shock decreases. The decrease may be due to no change in the 
pressure inside the plasma whereas the ambient pressure has increased, the ambient gas 
tries to diffuse into the shocked region and thereby decreases its width. On comparing the 
temperature of the shocked (compressed) gas with that of vapor temperature, it is observed 
that the shock temperature (- 1.922 x 10^ K in 100 mTorr of oxygen at 50 ns after the 
ablating pulse) is higher than the vapor temperature (~ 2.089 x 10 K in 100 mTorr of 
oxygen at 50 ns after the ablating pulse). This can be attributed to collisions occurring at 
the interface of the shocked gas and plume on one side and the ambient gas and the shocked 
gas on the other. Thus, at a distance (plume length) where the plasma pressure equals the 
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ambient pressure, probability of collision of gas particles with that of vapor is very high. 
These collisions are also responsible for the plume broadening as observed in ICCD 
images, figure 4.7. Since the temperature of the shocked region is higher than that of plume 
(vapor) temperature for all times and pressures implies a greater probability of chemical 
reaction at the edge. The collisions of the plasma species with that of ambient gas and 
higher temperature of the shocked region induce chemical changes at the interface and 
result in the formation of metal oxides/nitrides and clusters, depending upon the target 
properties and the ambient atmosphere. 

Figure 4.1 1 and 4.12, shows the variation of plume pressure with time and ambient 
gas pressures (for oxygen), respectively. The plasma vapor pressure decreases with time 
i.e., with the expanding front and decreases with increase in ambient gas pressures and is 
tme for all the other ambient gases used in this experiment. It is observed that at any given 
pressure the plasma temperature decreases with increasing time (or distance from the 
target). The temperature near the target is ~10® K (50 ns after the plasma initiation) and is 
found to remain unaffected with the increase of pressure. However, after 100 ns it is 
observed that the vapor temperature starts decreasing with the increase of ambient gas 
pressures. The decrease of the plasma temperature with oxygen pressures may be due to the 
difference of the heat capacities of the plasma species and that of oxygen. Figure 4.13 
shows the variation of vapor temperature with the pressure of oxygen. The heat capacity 
strongly depends upon the density of each species. In our experiment we determined the 
density of plasma species by measuring the Stark broadened profile [85] of A1 11 (4p ‘P°-4d 
‘D) transition at 559.3 nm. Figure 3.11, shows the variation of plasma density with axial 
distance at an ambient pressure of 100 mTorr. The plasma density at 2 mm from the target 
is found to be ~ 1.69 x 10‘® cm■^ It is much larger than that of ambient oxygen density ~ 
3.2 X 10*^ cm'^ It implies that at distances near the target the plume is hardly affected by 
the presence of the ambient gas, the plume expansion is similar to free expansion in 
vacuum. It justifies our earlier assumption that the expanding plume is conical in the initial 
stages of the expansion. With the increase in distance from the target surface the plasma 

density decreases [18] as n^ = ~ ’ where no is the density at the centre of the 

laser irradiated spot (z = 0) at time t, the z coordinate is directed perpendicular 



Vapor pressure (x 1 0 atm) 



0 0.5 1.0 1.5 2.0 2.5 3.0 

Time (|i sec) 


Fig. 4.1 1. Temporal variation of vapor pressure with oxygen gas pressures at 
laser irradiance of 2.4 x 10*° W/cm^ 
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Fig. 4.12. Variation of vapor pressure with ambient gas pressure at laser 
irradiance of 2.4 x lO'*^ W/cm^ 
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Fig. 4.13. Variation of vapor temperature with oxygen gas pressure at laser 
irradiance of 2.4 x 10’° W/cm^ 
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to the target and Z(t) refers to position of the leading edge of the plasma. At larger distances 
the density of the plasma falls sharply and attains a value below the density of ambient 

oxygen i.e., the heat capacity of the ablated species becomes smaller than that of the 
oxygen. 

To explain the experimental observation of finite propagation of the plume in an 
ambient atmosphere we used drag model. As stated, the plume progressively slows down 
and eventually comes to rest due to the drag force. The position of the plume edge is given 
by eqn. (2.46), 


X — X[j,ax { 1 ~ exp ( “Pt) } (2.46) 

where, Xmax is called the stopping distance. The above equation can also be written as 

x(t) = Xn,ax[l-e“‘^'o] (4.2) 

where to=l/p is the time constant at which the velocity drops to 1/e of its initial value. 

Figure 4.14 shows fit of eqn. (2.46) to the experimentally observed plume front, 
which leads to the determination of Xmax, the stopping distance at various pressures. It is 
observed that the stopping distance (Xmax) of plume for the ambient pressure of 1 mTorr is 
maximum, while it is least for 100 Torr, in all ambient gas environments. If we compare the 
stopping distances in terms of background gas at same pressures one observes that the 
stopping distance in case of He (3.19 cm) is largest and is least for Ar (1.82 cm). As the 
viscous force increases the displacement of the plume front decreases. On increasing the 
ambient gas pressure the backward pressure on the plasma towards the target increases and 
as a result the expansion velocity decreases. While observing the images one finds that as 
the pressure increases, the stopping distance decreases and there is an increase in intensity 
of the plume. This is due to confinement and collision of the plasma particles in a small 
region, which results in the increase in emission intensity. Hence, one of the controlling 
parameters ‘stopping distance' or 'plume length’ which defines the film characteristics, can 
easily be estimated from real time observations. The value of stopping distances for Al- 
plasma in various gases and ambient pressures are listed in Table 4.1. 
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Fig. 4.14. Plot of eqn. x = X^axl l-exp(-pt)} (dashed line) and experimentally 
observed variation of plume front edge with time for various 
pressures of oxygen (data points) 
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Table 4.1. 


Plume length (or stopping distance) in various ambient atmosphere and at various 
pressures at laser irradiance of 2.4 x 10^® W/cm^ 


Ambient 

Stopping distance (Xmax) 


10'^ Torr 

10- Torr 

10 ‘ Torr 

10 Torr 

100 Torr 

Argon 

4.622 

4.145 

1.671 

1.311 

0.753 

Oxygen 

4.503 

4.417 

2.046 

1.358 

0.845 

Air 

4.905 

4.836 

2.960 

1.377 

0.992 

Helium 

5.851 

5.234 

5.420 

1.768 

1.033 
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On increasing the fluence, (at lower ambient pressures) though the velocity of the 
luminous front increases the value of the shock temperature remains larger than the value of 
vapor temperature. However, on increasing laser irradiance to 1.65 x lO" W/cm^ at 
background pressures higher than 10 Torr, breakdown of the ambient gas is observed (air, 
oxygen and argon). No breakdown is observed for same energies and pressures lower than 
10 Torr. Figure 4.15 (a) shows the breakdown of oxygen at 100 Torr of pressure with laser 
irradiance of 1.65 x 10** W/cm^. The blob close to target is aluminum plasma and second 
blob corresponds to breakdown of oxygen. The maximum intensity of first and second blob 
in figure 4.15 (b) occurs at 0.7 cm and 1.2 cm respectively from the target surface. Since 
this breakdown is observed at the extremities of the plume (edge) it appears that the high 
shock temperature might be responsible for the breakdown of the gas. However, the 
possibility of high energetic electrons (cascade breakdown and thermal run away, discussed 
in Chapter II) from the target ionizing the ambient gas cannot be ruled out [21]. At the 
irradiance used in our experiment such a possibility is very low. On focussing laser beam 
with an irradiance of 1.65 x 10** W/cm^ in only O 2 at 100 Torr pressure no breakdown of 
oxygen was observed, as reported earlier [245]. Similar results are obtained with nitrogen at 
an ambient pressure of 100 Torr and moderate laser intensities, figure 4.16. 

The blast wave theory predicts the position of the shock front R as (eqn. 2.48, 
Chapter II) 

R = ^(Eo/po)‘'^''^ (2.48) 

From the propagation distance R, dR/dt the speed of propagation can be estimated. It 
follows from eqn. (2.48) that for a particular experimental condition Eo and po being 
fixed, R can be written as R = t**, where Ki is a constant. The exponent q can be taken 

as a parameter which can be varied to fit the theoretical curve to experimental data. Figure 
4. 17, shows the fit of eqn. to the experimentally observed data, one notices that the model is 
best fitted for 0.22 ^ q ^ 0.28 for 100 mTorr pressure of argon, oxygen and air, whereas q = 
0.47 for He. For ideal blast wave one expects q = 0.4. The discrepancy observed in the 
exponent q may be due to instability, which grows at moderate laser intensities and high 

pressures. 
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Fig. 4.15. (a) An ICCD image showing the breakdown of oxygen at 100 Torr at 
laser irradiance of 1.65 x 10“ W/cm^ 

(b) Intensity profile of (a), maximum intensity of first and second 
peak occurs at 0.7 cm and 1.2 cm respectively, 

(c) Schematic showing the plasma and breakdown lobes 
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Fig. 4.16. Breakdown of Nitrogen at a pressure of 100 Torr at laser irradiance of 
1.65 X 10" W/cm\ 

(a) ICCD image, showing the breakdown of nitrogen gas 

(b) Intensity profile of (a) showing relative intensity of the peaks, and 

(c) Pictorial representation of the breakdown 
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Fig. 4. 17. Plot of eqn. R = t** ( — ) and experimentally observed plume front 

edge for laser-ablated Al-plume at a pressure of 1 mTorr in presence 
of He, Ar, O 2 and air 





4. Diagnostics of Laser-ablated Plasma Using Fast Photography 


107 


To sum up, it follows that plume particles eventually diffuse into the compressed 
region, eqn. (2.23). The temperature of the shocked front is higher than the plasma vapor 
temperature for all times. Further, at and after stopping distance the gas particles diffuse 
into the compressed region. Thus inside the compressed region due to high temperature and 
presence of both the plasma and the gas particles there is a finite probability for the plasma 
particles to undergo physical and chemical changes. 

An interesting feature observed in the ICCD images and the intensity profile of 
aluminum (fig. 4.18) is the splitting of the plume into two components. This is clearly 
evident in figures, where the intensity profiles show two peaks at earlier times which 
merges into one at later times. To understand this peculiar phenomenon we look into the 
fundamental processes involved in the production of plasma by laser ablation. For high 
laser flux density, the earlier part of the laser pulse removes a small amount of material 
from the surface that is further heated by absorption of the incoming laser radiation. It 
makes the material thermally ionized and opaque to the incident radiation. The absorbing 
plasma prevents the light from reaching the surface. Therefore, the material in front of the 
target surface absorbs most of the energy in the laser pulse. The surface is effectively cut 
off from the incoming radiation for a large fraction of the laser pulse. Near the end of the 
laser pulse the blow-off material becomes so hot that it begins to reradiate thermally. In 
addition, there may be ablation caused by the direct collisional interaction between the 
highly energetic plasma constituents and the material of the solid target. Some of this 
radiation may reach the target surface causing further vaporization. Double vaporization of 
the material from the target surface during a single laser pulse results in the stratification of 
the plasma as viewed by the ICCD. As the plume progresses (after stratification) in the 
direction away from the target, due to the difference in velocity of the components, the 
overall plume comprises of two bunches Pi and Pj. The peak Pi (fig. 4.19) starts to slow 
down due to the drag (viscous) force and eventually stops at a position where plasma 
pressure equals the ambient pressure. While peak P 2 which is not influenced by the drag 
keep moving towards the peak Pi. The slowing and moving of peaks can best be explained 
by measuring the velocities of the two peaks [232]. After a few hundred nano seconds peak 
P 2 merges with peak Pi. The stratification observed earlier [232] has been explained on the 
basis of measured velocity of Pi and P 2 peaks. Due to the merger of Pi and P 2 the intensity 
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Fig. 4. 18. Typical ICCD photograph of expanding aluminum plasma front at 1 
mTorr of helium ambient pressure at various time delays. Intensity 
profiles of the images are also shown (right) 
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of the merged peak increases, implying the increase in pressure close to the compressed 
region. This results in diffusion of plasma particles into the compressed region. 


Using ICCD to Estimate Particle Size in the Plume 

The collision of the plasma species with that of ambient gas may result in the 
formation of clusters [246,247]. The size of the particles can be estimated from the 
calculated values of vapor temperature Ti, eqn. (2.36). To do so we assume our plasma to 
be an ensemble of small spherical particles radiating like a blackbody [1 15] at temperature 
Ti which results in the cooling of the particles. For a particle of radius r at temperature Ti, 

4 

the internal energy of the particle will be -7irVdT,C^, where Cy is the molar specific heat 

and pd the molar density of the particle. The particle emits radiation in accordance with the 
Stefan-Boltzmann law. The radiation emitted (energy loss) per unit area of the particle is Pr 
= emCTsT,'* where Oj is the Stefan’s constant, and e^ is emissivity (=1 for a perfect 


blackbody) 

The cooling of particles by blackbody radiation results in the loss of internal energy 
given by 


^^ = 7^rVdCv^ = -e„a,T,^47trJ) 
at 3 at 


(4.3) 


or 




s 1 

P.c, 


(4.4) 


the value of dTi/dt is determined from the slope of the Ti-t plot shown in figure 4.11, Ti 
here is the vapor temperature at which the particle size is calculated. The size of the particle 
‘rp’ at pressures 10 mTorr, 100 mTorr, 10 Torr and 100 Torr is calculated to be 1.20, 1.02, 
0.12 and 0.1 1 pm respectively. Thus increasing pressure of the ambient gas decreases the 
particle size. The particle size was calculated at 400 nsec after the laser pulse. The size of 
particles increases with temperature. The temperature with in the plume falls rapidly and 
hence the size of the particle decreases accordingly, figure 4.19. However, depending on 
the pressure of the ambient gas the temperature within the plume falls rapidly but at 
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Fig. 4.19. Variation of size of particles (400 ns after the ablating pulse) with 
oxygen pressure at laser irradiance of 2.4 x 10*^ W/cm 
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the plasma-gas interface it increases. Thus at a particular pressure strong mixing may occur 
at the interface and the conditions may be well suited for the formation of metal oxides or 
clusters 

To conclude, the motion of laser-ablated plumes is simulated, which matches well 
with the ICCD images. The velocity of the expanding front is used to calculate various 
plasma parameters. An important parameter ‘plume length' or 'stopping distance’ is defined 
to optimize the target substrate distance. The particle size is estimated using ICCD. This 
can be a valuable technique for estimating the size of clusters. However, it will require a 
detailed information on emissivity at different temperature and wavelength. 



Chapter V 

LASER ABLATION DEPOSITION OF ALUMINUM 
OXIDE/NITRIDE FILMS 

With the advent of the high power lasers both in the visible and in ultra violet 
regions laser ablation and deposition has become a topic of research for various 
applications [8,10,12,13]. The studies aim at the deposition of high quality thin films of 
wide range from superconductors, semiconductors to ferroelectrics, dielectrics and TTT-V 
nitrides. Deposition of AI 2 O 3 thin films is of significant interest in microelectronic, optical 
and magnetic packaging application [188,248]. Whereas, AIN and their alloys are important 
because of high band gap, high refractive index, high thermal conductivity and doping 
capabilities [177,249]. There is currently an immense interest in the search for new non- 
linear optical materials for the fabrication of non-linear waveguides for potential 
applications in high speed electro-optic devices as well as for the generation of blue-green 
laser [250]. Most of the current research in inorganic materials focuses on LiNbOs, LiTaOs, 
and KDP waveguides. However, the fabrication of these waveguides requires the use of 
expensive single crystals. Hence, the commercial viability of these non-linear waveguides 
remains unclear. Since high optical quality films can be obtained using vapor deposition 
techniques, aluminum and gallium nitride films are of considerable interest [251]. 
Additionally, these metal nitrides have large band-gap energies and therefore are suited for 
short wavelength applications [197]. Almost all the growth processes require high substrate 
temperature [191,196,198,252] that plays a vital role both in deposition and in the quality 
of the nitride films. Oxygen impurities degrade the quality of the nitride film and influence 
the electrical and optical properties of the semiconductor [196]. Thus, the need for oxygen 
free nitride film is an essential part of development for the best quality films. The surface of 
AIN thin film is chemically very stable and cannot react with oxygen below 850 °C, 
whereas the surfaces of AIN powder are sensitive to moisture and atmospheric oxygen only 
above 100 "C. Thus the need for the growth of films at lower substrate temperature cannot 
be underestimated. On the contrary, it has been shown that the excess oxygen is necessary 
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for good quality high Tc superconducting films, which can be introduced during the plume 
evolution in oxygen ambient. It has been shown in Chapter IV through the plume dynamics 
of the laser-ablated plasmas in oxygen atmosphere that a strong chemical reaction at the 
boundary of the plume can occur [85, 136, 143, 176]. This also indicates that for films to be 
oxygen rich, the relative position of the substrate to that of target surface is important, 
which in turn depends on plume size. Thus to optimize the deposition process and the 
quality of the films, a detailed study of the in vivo plume characteristics is necessary. The 
best deposition conditions will depend on laser energy, target substrate distance, velocity 
distribution of ablated species, plume composition, background gas and interaction with the 
environment. In the present work we have used imaging as a tool to optimize the laser- 
ablated plume parameters with respect to laser parameters for the growth of metal 
oxide/nitride films at room temperature. The correlation of characteristics of the deposited 
film with that of the plasma is discussed. The results on the characterization of pulsed laser 
deposited thin aluminum films in oxygen/nitrogen background are presented. 

EXPERIMENTAL SET UP 

The experimental set-up used for the thin aluminum film deposition is shown in 
figure 3.24. The ablated aluminum in oxygen ambient was deposited on silicon (010) 
substrates placed at distances of 1.0, 2.0, and 3.0 cm from the target surface, whereas, for 
nitrogen background the films were deposited at the position where the breakdown of the 
nitrogen gas occurred. The position of breakdown and plume length and hence of the 
substrate was located using ICCD images. Substrate of sizes 1 cm x 1cm were cut from a 
highly polished silicon wafer. Substrates were cleaned using high purity acetone, 
trichloroethylene and ethyl alcohol to de-grease the surface using ultrasonic cleaner. The 
ambient pressure of N 2 and O 2 were kept at 100 mTorr and 100 Torr respectively during the 
deposition and the substrate was kept at room temperature. The laser irradiance used was 
2.35 X 10‘° W/cm^ and 2.12 x lO" W/cm^ for films with oxygen and nitrogen ambient, 
respectively. The deposition time for oxide films was kept 10 min, whereas, for nitride it 
was 30 minutes. 
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RESULTS AND DISCUSSION 

vanous techniques used for characterization of the deposited films are listed in 

Chapter I. We have used SEM, XRD, micro-Raman and RBS to characterize the deposited 
films. 

Aluminum films in oxygen background 

It has been shown in Chapter FV that the temperature of the shocked region is 
always greater than the plume temperature. At a distance "plume length" or "stopping 
distance the plasma pressure is equal to the background pressure. At this interface, with 
plasma on one side and ambient gas on the other, the probability of diffusion of the ambient 
gas into the plume is very large. Thus, due to high temperature of the shocked region and 
diffusion at the plasma-ambient gas interface, the metal plasma fuses with the ambient gas 
to form metallic oxides. In order to confirm the occurrence of chemical reaction, we 
deposited the aluminum films in oxygen background at a pressure of 100 mTorr. Plume 
length was estimated as discussed in Chapter IV. We maintained the target-substrate 
distance at plume length, greater than plume length and less than plume length. Films were 
deposited at all the three distances for same duration and irradiances. Films characterized 
using SEM, RBS, XRD and micro-Raman indicated the formation of aluminum oxide in 
the films. Although the films deposited near to the target (at a distance less than plume 
length) were found to be more denser than the films deposited at other distances. RBS of 
the films showed the correct stoichiometry for the film deposited at plume length. The 
micro-Raman studies showed that the intensity of the Si peak is maximum for film at 
greater distance followed by the film at plume length followed by the film grown at a 
distance less than the plume. It implies that the thickness of the film is greater near to the 
target followed by the film at the plume length and is least for the film deposited at a 
distance greater than plume length. 

Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) was used to investigate the surface 
morphology and nucleation density of the deposited films. 
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Figure 5.1, shows SEM images of the aluminum films deposited on silicon 
substrates using 2.35 x 10 “^ W/cm^ laser irradiance of 1.064 pm radiation. The films 
deposited at a distance less than the plume length are denser compared to the films 
deposited at distances at and greater than plume length. The plume length was 2.0 cm as 
observed using ICCD images. Higher magnification (x 10,000) showed that the single 
particle at plume length is larger than the particles at other two positions of the substrate. 
Further, the films deposited at plume length show a kind of aggregation of particles due to 
reaction of particles with oxygen. The EDS of the films confirm the stiochiometry of 
aluminum oxide (Al:0::2:3) at plume length. 

Micro-Raman Scattering Measurements 

To correlate the properties of the film with that of the characteristics of the plume at the 
edges, we undertook an extensive study of the spatial variation of the Raman spectra of the 
deposited films. The micro Raman spectra were recorded at five spots on each of the three 
deposited films. Figure 5.2 shows pictorially the boundary of an expanding plume and the 
position of the substrate w r t the target for the three films fi, h and fs. For clarity the 
deposited film is shown as a block and the five spots, fn, fi 2 , fi 3 . fi 4 , fis on film fi; fiu fzz, 
fis. f 24 , fis on film fj and fai, fn, fss, f 34 , f 35 on film fs where Raman probe was focussed and 
spectra observed are shown enlarged. To examine structure and composition of deposited 
films an extensive study of c-Si band and isolated typical AI 2 O 3 bands was carried out. It is 
observed that each of the deposited films exhibits inhomogenity over its cross-section. 
Figure 5.3 shows a typical micro-Raman spectra (spot size of ~ 1 pm) of the three films at 
fii, f 2 i and fai, depicting the two bands on the films. The Raman spectrum of bulk AI 2 O 3 is 
also given for comparison. The positions of the observed Raman bands are given in Table 
5.1 along with their assignments. The Raman data [253] for single crystal is also given in 
Table 5. 1 for comparison. The other prominent Raman bands appearing in the spectra of the 
film, bulk and single crystals are at 491 and 594 cm‘‘. These bands have been identified as 
the DR active (for D 3 d space group of the corundum). They appear to be strong in the Raman 
spectra due to distortion of the micro-crystal structure in the film. 
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Fig. 5.1. Typical SEM photographs of laser ablation deposited aluminum films 
in oxygen ambient at 1.0, 2.0 and 3.0 cms from the target surface 
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Fig. 5.2. Schematic of the positions of the films and the spots, 
where micro-Raman was taken 
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Fig. 5.3. Micro-Raman spectra of bulk AI 2 O 3 and that of the films 1 mm 
above the substrate holder (fn). The substrate was placed at 1, 2, 3 
cm respectively from the target surface 
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Table 5.1. 

Observed frequency difference Av (cm *), FWHM Avi/^ (cm ‘),and integrated intensity 
I (arb. units), of the Raman lines in aluminum oxide Hlms at f^, f^i, and f 3 x spots, pure 
bulk sample and single crystal of corundum; with their assignments 


Film 1 (fii) 

Film 2 (f 2 i) 

Film 3 (fai) 

Bulk 


Assignment 

HBBnulH 

Av 

(AVi/2, I) 

Av 

(AVi/2, I) 

Av 

(AVi/2, I) 

Av 

(AVi/2, I) 


372 

(8, 0.8e4) 

332 

(41,3.27e5) 

373 

(58, 6.75e4) 

— 

378 

Eg (external) 

418 

(20, 1.8 le5) 

420 

(23, 2.70e5) 

422 

(26, 1.35e5) 

419 

(21, 1.45e5) 

418 

Aig (internal) 

441 

(40, 2.77e5) 



431 

(24, 7.41e4) 

432 

Eg (external) 


446 

(13,4.47e4) 

450 

(18,4.77e4) 

445 

(14,7.54e4) 

451 

Eg (external) 



|||__||||| 

IRPRES^IPflllll 

491 

(502)* 

(IR) 

524 

(8, 4.55e4) 

■S9BI^h 







576 

(86, 4.28e5) 


578 

Eg (internal) 

608 

(56. 1.51e6) 

605 

(47, 1.21e6) 


600 

(48, 3.96e4) 

594 

(605)* 

(IR) 

674 ^ 

(20. 3.66e41 

625 

(21,6.96e4) 

648 

(41,9.27e4) 


648 

Aig (internal) 

■KSHI 

745 

(51, 1.22e5) 

jmgEgmm 

748 

(49, 2.64e5) 

755 

Eg (external) 


observed in infra red spectra 
here 1.37e5 means L37 x 10^ 
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(a) The silicon band 

The laser deposited films are inherently non-uniform in thickness and hence the 
band of c-Si (521 cm ‘) are observed to be of varying position, width and intensity in all the 
films. In our analysis this band act as a probe for the thickness of the AI2O3 film and the 
interfacial stress exhibited by the deposited film. Figure 5.4 shows the variation of 
intensity of the c-Si band at 521 cm ' of film 1 at spots f,,, f,2, f,3, f,4 & fis. The relative 
intensity of this band is minimum at the spot fn and increases as one approaches the center 
of the plume. This implies that the maximum deposition occurs at a spot on its edge. 
Referring to figure 5.2 it is seen that the optimum deposition on film 1 occurs at the plume- 
gas interface.The minimum intensity of the Si band correspond to the possibility of 
maximum deposition of ablated material. 

In order to compare the quality of the deposited films at the three position, we 
consider the frequency shift and intensity of Si band at 521 cm'‘ at spots fu,f2i,f3i- Figure 
5.5 shows the variation of intensity and frequency shift of Raman band due to c-Si. The 
large frequeny shift implies high deposition. The smallest intensity correspond to large 
thickness of the deposited film on the substrate. It follows from figure 5.5 that the substrate 
at a distance of 3 cm from the target has the least deposition. The frequency shift exhibit 
maximum stress at f2i position, near the shock region, figure 5.2. This observation supports 
our earlier work [85,136,143,176] that a strong mixing (deposition) occurs at the shock 
front (extremities of the plume). 

(a) The bands associated with AI2O3 

Figure 5.6 shows the spatial variation of intensity of the isolated prominent Eg mode at 
755 cm"', for film 1 and 2. It is observed that the intensity of thin AI 2 O 3 Raman active mode 
increases for film 2 as we move from spot fzi to f25- For film 1 the corresponding intensity 
decreases on moving from f,, to fij. This observation agrees with the optimum deposition 
near (in) the shock (ed) region. This observation corroborates the results that follow from 

Si-bands. 

The intensity of the observed C-AI2O3 at 755 cm’’ at spot fw. f24, f34 (falling near the 
axis of the plume) show a marked difference in the film deposited at three positions of 
substrate. Intensity of the band for film 2 is observed to be greater as compared to other 
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Fig. 5.4. Variation of intensity of Raman of c-Si at 521 cm * band at spot 
fih fi 2 . fi 3 . fi4 and fi 5 
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Fig. 5.5. Variation of intensity and frequency shift of the 521 cm' 
band at spots fi i, fii and fsi 


Intensity (x 10^ arb. units) 
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Fig. 5.6. Variation of intensity of Eg mode of AI 2 O 3 (755 cm ^ band) at 
spots U (m. n: m = 1,2 & n = 1,2, 3.4,5) normal to the plume axis 

for film 1 and film 2 




films. Figure 5,7 gives the intensity and half width of the band at f, 4 . f„ spots. Half 
width ts observed to be minimum for film 2 as compared to film 1 and 3. Tltis shows that 
film 2 is more crystalline in character as compared to other films. 


Rutherford Backscattering Spectrometry (RBS) 

Rutherford Backscattering Spectrometry is a well-established method for 
determining the composition at the interface of two layers, identifying the mass of the 
impurity and the host atoms and thickness of the film etc.. We have used 1.23 MeV He"" 
beam obtained from the 2 MeV Van de Graaf accelerator for the RBS analysis. 
Experiments were performed in a vacuum at 1.5 x 10"*^ Torr. Figure 5.8 (a), (b) & (c), 
shows a typical RBS spectrum of the film deposited at 1.0, 2.0 and 3.0 cm. The deposited 
oxide films were of thickness 350, 240 and 140 nm respectively. The corresponding 
deposition/growth rate is 1 1.6, 8.0 and 4.7 nm/min. The chemical composition of the film 
depo.sited at 2.0 cm showed the composition of A1:0 to be 2:3, while the film deposited at 
1.0 and 3.0 cm showed no such compositional changes. The chemical composition of the 
film is in the ratio of (A1:0) 1:1.33, 2:3 and 1.2:3 respectively. The film deposited at all the 
three distances .showed the formation of Si02 layer at the interface of the Si and Al. This 
layer is formed most probably due to oxidation of Si substrate in oxygen ambient. 

Aluminum films in nitrogen background 

When a laser beam of laser intensity 1.65 x lO" W/cm^ was focussed on to a solid 
target, it resulted in a high density, high temperature and pressure plasma propagating in a 
direction perpendicular to the target surface. When such an expansion takes place in an 
ambient atmosphere, a shock wave is formed which propagates with the expanding plume. 
Hydrodynamic equations along with other models were used to estimate the temperature, 
pressure and density of the plasma and the shocked region as discussed in Chapter IV. This 
plasma alongwith the shock are imaged by aa ICCD. The ICCD images of laser-ablated 
aluminum plasmas show a breakdown in the nitrogen ambient, when an aluminum target 
was ablated in an nitrogen ambient at a pressure of 100 Torr at laser irradiance of 1.65 x 
lo" W/cm’. The breakdown of the gas is attributed to the high shock temperature at the 
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Fig. 5.8. RBS spectram for the Al films deposited at 1.0, 2.0 
in oxygen ambient at a pressure of I mTorr 
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edges of the Aluminum plasma. . The possibility of high energetic electrons from the target, 
ionizing the amb.ent gas cannot be mied out [21], However, it is very low at irradiance 
levels used m our experiments. No breakdown is observed for same energies and pressures 
lower than 10 Torr. To deposit a film, the substrate was placed at a position where the 
breakdown in nitrogen is observed (through ICCD images). Aluminum reacts with nitrogen 
atom to form AIN [255]. The kinetics of the chemical reaction which takes place in the 
vapor phase, can be written as [255,256], 


N2(g)<»2N(g) 

A1 <=> + 3e' 

N + 3e‘ o N^' 

Al^^ + N^- o AIN 

The ICCD images were used to locate the exact position of breakdown. In order to 
deposit the nitride film we placed our substrate at a position where we observed (through 
ICCD images) the breakdown front in nitrogen. Films of aluminum ablated in nitrogen 
ambient in .such a set up resulted in the formation of aluminum nitride films. 


Scanning Electron Microscopy (SEM) 

Aluminum films were deposited on a silicon substrate in nitrogen ambient at a 
pres.sure of 100 Torr with laser irradiance of 2.12 x lO" W/cml Figure 5.9 shows the SEM 
pliotograpfi of the films. The SEM analysis shows that the density of the films formed on 
the substrate is very high. At higher magnification, depending on the deposition time, 
particles were seen to be deposited one on the top of the other leading to the formation of 
multi-layers. The size of the particle is estimated approximately equal to 1.0 pm. 


Micro-Raman Scattering Measurements 

Figure 5.10 shows the Raman spectram of a deposited films. The Raman peaks 
observed at 239, 252, 607, 610, 614, 667 and 673 cm ' match well with that available in the 
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Fig. 5.9. SEM photographs of the AIN films deposited at room temperature. The 
magnification in (b) & (c) is higher than for (a) 
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Fig. 5.10. Raman spectrum of the deposited film, (a) room temperature (b) 
annealed for one hour in flowing Nitrogen at a temperature of 

75(fC 
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literature [143,155,177]. The Raman spectrum was recorded with a resolution of 2 cm''. 
The Raman and XRD spectra indicate that the films are crystalline in nature. The films 
were annealed for one hour in flowing nitrogen at 750° C. The Raman spectrum of the 
annealed film showed a considerable increase in the intensity of the observed peaks. On 
annealing, two additional peaks at 611 and 656 cm'' were also observed. There are six 
Raman active phonon modes viz., two E 2 , and E| and one each of (TO), Ei (LO), Ai (TO), 
and Ai (LO). All the observed peaks correspond to lattice phonon modes of AIN and are 
summarized in Table 5.2. The increase in intensity and the appearance of two peaks in the 
annealed films is attributed to impregnation of the flowing nitrogen at high temperatures. 

X-ray Diffraction (XRD) 

XRD of the films showed the formation of aluminum nitride. It is worthwhile to 
mention that films were also deposited at various other lower pressures (10 Torr, 100 
mTorr, 10 mTorr), at various distances and laser energies. However, these films did not 
show the formation of AIN and were rich in AI. Figure 5.1 1 shows typical XRD spectmm 
of the depo.sited AIN film. The peaks are observed at 38.5°, 44.7°, 65.2°, 78.4°, 82.5°, and 
1 16.7° which match well with that available in the literature [177,143]. 

To conclude, the deposition and characterization of the films using SEM, XRD, 
RBS and Raman spectroscopy suggest that the films deposited at the stopping distance are 
oxygen rich and are of good quality. However, the nitride films were deposited at room 
temperature at a position where the breakdown of the nitrogen gas takes place. The 
evaluation of deposition characteristics have potential for the growth of good quality metal- 
oxide, metal-nitride, ceramic and superconducting films. 
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Table 5.2. 


The comparison of Raman shifts observed in our experiment (AIN) with that of 
already existing in the literature 


Phonon 

Raman Shift (cm'‘) 

modes 

Crystalline 

Amorphous 

Observed 


[155,177] 

[155,177] 


Ea"' 

241,252, 303 


239,252 

A, (TO) 

607,610,614, 659, 660, 667 

514 

607,610,611,614, 667 


655, 665, 426, 660 


656 

E,(TO) i 

614, 667, 671,672, 673 


673 

A,(LO) 

663, 888, 893, 910 

650, 746 


Ei(LO) 

821,895,910,916, 924 

788, 825 



Intensity (arb- unit) 
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Fig. 5. U . XRD spectrum of an AIN film deposited at room temperature 




Chapter VI 

CONCLUSION 


The thesis reports studies on the laser-ablated aluminum plumes in vacuum and 
ambient atmosphere (He, Ar. N^. and Air) at various ambient pressures (> 0.1 mTorr - 
100 Torr) at moderate laser irradiances (10“ - lo'^ W cm'^) used for deposition of thin 
metal oxide and metal nitride films. The diagnostic techniques like, fast photography, 
Faraday cup, emission spectroscopy and time of flight mass spectrometer were developed 
to investigate the evolution dynamics of the plume. A Q-switched Nd:YAG laser (X = 1.064 
pm) was used to generate the aluminum plume. Two-dimensional view of the plume 
expansion at various time delays with respect to the ablating pulse was made by recording 
the overall visible emission from the plasma plume with a gated ICCD camera system 
(ICCD 176G/2, Princeton Instrument Inc.). The plasma (pressure, temperature, velocity, 
density) and .shock (temperature, velocity, density) parameters of an expanding front were 
estimated and compared with theoretical values obtained through hydrodynamical analysis 
of the plume. Optical emission spectroscopy was used to estimate density and temperature 
of the aluminum plumes used for film deposition as a function of distance from the target 
surface and laser energy. Using Faraday cup, kinetic energy and ionic yield of the ablating 
plasma were estimated at various distances from the target surface at an angle of 45 “ with 
respect to the target surface normal and at a pressure less than 0.1 mTorr. The kinetic 
energy and ionic yield of the ions were seen to increase with the increase in laser fluence. 
Time of flight mass spectrometer was used to estimate the ionization threshold of 
alumitmm in vacuum. Plume and the target-substrate distance is optimized for deposition of 
aluminum films in oxygen and nitrogen. SEM, XRD, micro-Raman spectroscopy and RBS 
were employed to characterize the deposited films. 

Evolution and dynamics of the laser-ablated plasmas is studied using ICCD images 
and recorded at various time delays with respect to the ablating pulse in various ambient 
atmospheres at various ambient pressures and laser energies. The isothermal and adiabatic 
equations of motion for laser produced plasmas were simulated to understand the dynamics 
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of plasma. It is observed .ha, the simulattd laser-ablated plume match well with Ute 
mcorded images of the plume. I, is shown that the plasma elongates more along the targe, 
normal as compared to transverse directions with increase in time. The velocity of Ure 
plume front is estimated from the displacement of the plume fmn, with time. The maximum 
velocity corresponds to the velocity at minimum delay (29 ns, limitation of dte 
experimental set up) with respect to the ablating pulse and was used to estimate Ute 
temperature at the surface of the target. The expansion of the plasma is observed to be mote 
in case of lighter gas (He) as compared to heavier gases (Ar, Oi, Na and air). This is 
attributed to the difference in the degree of freedom per unit mass in different gases. The 
observed velocity of the expanding front is 7.29 x 10® cm/sec, 6.84 x 10® cm/sec, 6.75 x 10® 
cm/sec and 6.21 x 10 cm/sec for He, Air, O 2 and Ar respectively at 10’^ Tort. Various 
plasma parameters were evaluated using hydrodynamic equations. Vapor pressure and 
temperature of plasma decrease with increase in time and ambient pressure. Classical drag 
and blast models are used to study the dynamics of the plume in an ambient atmosphere. A 
plume propagating in an ambient atmosphere experiences a viscous force (drag force) 
proportional to its velocity which progressively slows down the plume, eventually bringing 
it to rest. The distance from the target at which the propagation ceases is termed as stopping 
distance or plume length. As the pressure of the ambient atmosphere increases, the stopping 
di.stancc decreases and the intensity of the plume increases due to confinement and 
increased collisions of the plasma particles in a small volume. At plume length the plasma 
pre.ssure equals the ambient gas pressure and hence the velocity of the ablated species is 
minimum at this point. The blast wave equation (R = Kit*’) is used to define the expansion 
of the shock front at various irradiances. The exponent q for our experimental conditions 
lies between 0.22 and 0.48 compared to 0.4 for an ideal shock. The discrepancy in the value 
of exponent may be due to the growth of instability at moderate laser intensities and low 
pressures. 

The estimated plume length for aluminum plasma in oxygen ambient at a pressure 
of 100 mTorr is - 2.0 cm. The calculated temperature in the shocked region is 10® K at 29 
ns after the ablating pulse in 100 mTorr of oxygen pressure compared to the vapor 
temperature of lO’ K. Thus at the plume length, the gas particles diffuse into the shocked 
region from one .side and the plasma species from the other. It is proposed that due to high 
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temperature in the shocked region a vigorous chemical reaction takes place at the interface 
resulting in the formation of aluminum oxide. Thus films deposited at the interface are 
expected to be oxygen rich. The result obtained is of immense importance for the growth of 
superconducting films. 

In order to confirm the possibility of chemical reaction at the interface (shocked 
region), films of aluminum in oxygen background were deposited, keeping the substrate at 
a distance of 1 .0, 2.0, and 3.0 cm. The plume length was located by imaging the expanding 
plasma and was 2.0 cm. SEM analysis showed the morphological structure of the deposited 
films. RBS of the deposited films showed that the film at plume length show a 
stoichiometric chemical composition (A1:0) as 2:3, whereas, for the films at 1.0 and 3.0 cm 
showed the chemical composition to be 1:1.33 and 1.2:3 respectively. This confirms the 
occurrence of chemical reaction at plume length. The estimated growth rate of the film at 
plume length is 8.0 nm/min. Micro-Raman studies of the film were carried out and the 
bands observed were compared with those obtained for a pure AI 2 O 3 pellet and a Ruby 
crystal. The observation confirmed the formation of aluminum oxide in the films. Further 
investigations of the Raman bands of c-Si (521 cm’’) and C-AI 2 O 3 (755 cm"') justified the 
optimum target-substrate distance, for the deposition of oxygen rich films, of 2.0 cm in our 
case. 

Breakdown of ambient gas (Ar, N 2 and O 2 ) was observed at higher laser irradiances 
on the target. The breakdown of the gas is attributed to the high shock temperature at the 
edges of the aluminum plasma. The deposition of aluminum nitride films by laser ablation 
deposition requires a high substrate temperature. Further, the presence of oxygen impurities 
influences the electrical and optical properties of the film. However, the films deposited at 
lower substrate temperature are free from oxygen impurities. Aluminum nitride films were 
deposited on silicon substrate at room temperature at 100 Torr of nitrogen gas and laser 
irradiance of 1.65 x 10“ W cm'l ICCD images are used to locate the breakdown front of 
nitrogen gas. A silicon substrate was placed at the breakdown front. Deposited films were 
characterized using SEM, XRD, RBS and micro-Raman. SEM analysis showed that the 
density of the films was high. XRD peaks of 38.5 , 44.7 , 65.2 , 78.4 , 82.5 and 116.7 
match well with those of c-AlN available in the literature. Raman bands are observed at 
239, 252, 607, 614, 667 and 673 cm'‘ in the mciro-Raman spectra of the deposited film. 
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These bands agree with those of c-AIN in the literature. The AIN films were annealed in 
flowing nitrogen at 750 “C for one hour. The Raman spectra of the annealed films showed 
an enhancement in the observed Raman bands, which is attributed to impregnation of 
nitrogen at high temperature. 

FUTURE SCOPE OF WORK 

We have employed fast photography to study the evolution and dynamics of the 
laser-ablated aluminum plasmas. It would be of interest to record the overall images of 
expanding plasma using narrow band pass filters to understand the process of transport of 
ejected species to the substrate. It will also provide mechanism for various chemical 
reactions involved between ejected species and ambient gas at the edge of the plume. We 
have optimized target-substrate distance for aluminum oxide and aluminum nitride films 
using ICCD. The developed technique can be used for depositing other oxide films such as 
zinc oxide, which finds its use in second harmonic generation, transparent conducting films 
and fabrication of UV semiconductor laser etc.. Experimental parameters optimized using 
ICCD images can be used to simulate properties of the film. 

ICCD camera system can be coupled with a monochromator to record the emission 
spectra of the expanding plume at various time delays. The analysis of the emission spectra 
in the shocked region may help to study the transient species during the chemical reaction- 
taking place at the plasma gas interface. 

Time of flight mass spectrometer can be used to identify vanous ions and clusters. 
Its length can be increased so as to increase its resolution. The system can be modified for 
various experiments on Resonance Ionization Mass Spectrometer (RIMS). The principle 
involved in REMS is the selective excitation of atoms or molecules with resonant laser light 
followed by ionization. The resulting photo-ions are extracted by an electric field and 
detected with suitable detectors. This technique can be used for estimating spectroscopic 
parameters e.g., excitation and ionization cross-section, isotope shifts, etc.. The system can 
also be used for trace element analysis. 

Faraday cup has been used to study the behavior of electrons and ions in vacuum. 
Th. experiment can be repeated spatially, at various angles and in various ambient 
atmospheres to give an exact distribution of the charged species. A substrate can replace the 
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collector plate of the Faraday cup for depositing film. The plasma parameter, the ionic yield 
optimized at the charge collector may help to get a film of desired morphology and 
Stoichiometry. 

Oxide films tind their use as insulators, antireflection coatings and protective films 
for mirrors, thin film capacitor, piezoelectric films, high Tc superconducting films etc.. In 
all the above applications the idea of depositing films at plume length may help in 
depositing thin oxide films of required stoichiometry by laser ablation deposition. Laser 
ablation deposition of high Tc superconducting targets results in films which are oxygen 
deficient and results in films of varying electrical and mechanical properties. Hence, one 
deposits the film in oxygen ambient to take care of oxygen deficiency in the film. The 
proposed technique of plume length may yield oxygen rich films of desired stoichiometry. 

It will be of importance, to use other techniques of characterization such as 
Tunneling Electron Microscopy (TEM) and Atomic Force Microscopy (AFM) to study the 
surface morphology of the deposited films in order to determine their role for device 
applications. Further, characterizing the films for hardness, band gap, frictional coefficients 
etc., can provide a better understanding of the films for various technological applications. 
Specific applications of the deposited films require different substrate materials. The 
deposition can be tried on various substrates to study their possible role in thin film growth. 
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